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ABSTRACT

A workshop on Diffuse Discharge Opening Switches was
conducted by Texas Tech University for the U.S. Army Research
Office. The workshop was a result of recommendations from
an earlier workshop on Repetitive Opening Switches. A group
of invited papers set the tone for the discussions in the
various working groups. These papers along with the summaries
of the working group discussions and recommendations are in-

cluded in this report. A summary of the workshop and of the

suggested research topics is also presented.
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INTRODUCTION

A workshop on "Diffuse Discharge Opening Switches" was
sponsored by the U.S. Army Research Office and conducted by
Texas Tech University at Tamarron, Colorado on January 13-15,
1982. This workshop was held as a result of the recommenda-
tions from an earlier workshop on "Repetitive Opening Switches"
on January 28-29, 1981.

Some basic information about inductive energy storage, its

- potential, and limitations, as well as many specific opening

switch ideas, can be found in the proceedings of the first
workshop- (DTIC AD-All0770). As a result of the deliberations

at the earlier workshop, it appears that diffuse discharges

have the highest promise for leading to the development of a
successful, fast, repetitive opening switch. Most ideas for
utilizing arc discharges appear either too slow or too energy in-
efficient. The earlier workshop also showed that solving

the problem of developing a practical switch requires an extremely
wide range of expertise. Researchers with backgrounds in
circuit analysis, materials properties, fundamental discharge
theory, basic gas data determination, plasma chemistry, etc.

are needed. The main goal of the second workshop was, there-
fore, to-biing researchers with these varied backgrounds to-
gether in an environment conducive to free discussions. At

the same time it seemed important to bring in representatives

from the various government agencies with potential interest

in this R & D area to contribute realistic background scenarios

i




to some of the discussions and to assess the future potential
and important issues of this research area.

The 45 invited attendees came from universities, industry,
national laboratories, and government agencies. A series of
invited papers presented the first day served to provide back~-
ground information and set the tone for the subsequent working
group discussions. Each working group had an appointed dis-
cussion leader and each group's conclusions and recommendations
were presented in a general meeting on the last day. The Ad-
visory Committee then met the following day to further refine
some of these conclusions. A preliminary meeting, involving
some 20 of the workshop participants, was held at Texas Tech
University in September of 1981. This meeting helped to define
many of the workshop goals and to determine some of the ex-
pertise areas needed, as well as to identify some of the
people with backgrounds appropriate for contributing to the
successful achievement of these goals.

We, the workshop coordinators, feel that the workshop was
very successful. The unusal amount of intense, scientific
discussion resulted in significant information exchange.

The participants seemed genuinely interested in the problems
posed and many (certainly we) learned a great deal about an
exciting problem and generated many new ideas fcr future work.

The primary goals for the workshop were given as:

1) To identify the limitations, in a broad sense, of

diffuse discharge switches with regard to possible

aoplications.




To identify relevant (in the workshop context) un-
resolved research problems and define the research
areas that must be supported to solve these problems.
To determine ways to promote exchange of information
between scientists working on fields or research which
are relevant to diffuse discharge opening switches.

4) To establish research goals and priorities.

The first of these points was addressed mainly by the
working groups on Repetitive Switch Applications and on Diffuse
Discharge Production. Both groups carried out "strawman”
calculations and the results came out quite favorable. Al-
though these calculations were admittedly crude, they gave
considerable confidence that the basic problem issue was

not totally ridiculous or impractical. Some possible appli-

cation ranges of interest to the DoD were also summarized by

the Repetitive Opening Switch working group in Table I in
their report. This table provides an update of a similar
one in the first Workshop Proceedings.

The second goal of the workshop was addressed in various
degrees by all the five working groups. Most of the discus-
sions were concerned with two basic approaches to dis-
charge initiation, maintenance, and turn-off. These approaches
were the e-beam controlled diffuse discharge and the optically
controlled or modified diffuse discharge. The e-beam controlled
discharge is the better understood of the two processes and
has been investigated earlier to a certain extent in both the

U.S. and the USSR. Also, there is a large body of potentially
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relevant information aviilable from high-power, electron

beam pumped laser development. The optically controlled or
modified discharge approach is a relatively new research area
for this application (although the "optogalvanic effect" has
been known for a long time but never considered in this vain).
These two approaches are not necessarily mutually exclusive
and one can certainly consider an "optically assisted, e-beam
controlled opening switch". Many of the basic data needed,
such as recombination coefficients, drift velocities, plasma
chemistry reactions, etc. are equally important to both
approaches. _ '

The third workshop goal is, as evidenced by the discus-
sions at this workshop and at the earlier meeting at TTU,
extremely important, since so many different disciplines have
an impact on this research area. A principal problem is the
limited availability of travel funds. To alleviate this
situation, efforts have been made to organize special session:
at national meetings and to utilize, as much as possible,
these meetings as a way to bring interested parties together.
Some of the research sponsors have also encouraged the use of
contract funds for such interactions and, in some cases, pro-
vided supplementary travel support for this purpose.

The fourth and last workshop goal is an extremely difficult
one to reach complete agreement on. The research topics
listed in the next section are primarily due to the workshop
Co-Directors with some suggestions from the Advisory Board

members. Because of time limitations, we were not able to

;
g




give each Advisory Board member time for careful comments
and rebuttals to our draft, although a copy was sent to each

of them before we went to print, with request for verbal

comments in cases of violent disagreements. i
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bl SUMMARY

The basic results of the workshop deliberations are
summarized in Fig. 1. It was generally agreed that a screen-
ing of candidate gases should be performed in existing e~beam
facilities (or facilities already under construction). The
key information needed is the attachment coefficient, ka' the
recombination coefficient, a, and the electron mobility, u,
;,, vs the reduced electric field (E/N) for various gas mixtures.
e These gases should also have high voltage hold-off strength

and be resistant to streamer formation. In repetitive operation

B there is concern about information on thermal, acoustic, and
;i attachment instabilities which may prevent the generation of
f } repetitive diffuse discharges. The acoustic disturbances in the
;1 system when, for instance, the e-beam is turned on and off,
may set up density gradients which lead to arc formation. When

the attachment coefficient increases rapidly with increasing

electric field, an instability may occur, as described in the
group report on diffuse discharge production. Other instabil-
ities may also be significant. :
The "strawman" calculations performed by the working
groups are summarized in their individual reports. The main
conclusion was, however, that an approach, such as the e-beam
controlled opening switch, did not seem unreasonabie in size
or efficiency. Several of the workshop participants expressed

encouragement by these calculations. Some of the limitations p

set on these switches are due to -the current density and allow-

able temperature rise before instabilities (filamentations) set

in (e.g¢. an assumed maximum temperature rise of AT = 500°K).
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Considerable performance improvements could be expected if
some of these values (which were conservatively based on
empirical results with electron beam excited gas lasers)
could be increased.

Additional basic data relating to recombination coeffi-
cients, electron impact cross-sections for higher vibrational
levels, etc. are needed. The properties of the sheath region
during turn-off are also poorly understood. The limiting
factors on current density in diffuse discharges need to be
studied for the gases of interest, considering their unique
properties, in order to determine it they are basically the
same as for gas laser discharges.

User oriented computer codes which couple the discharge
system to a circuit analysis code are needed. This approach
may not be practical, except on very large computers, but a
possible compromise, as a first step, is to develop a two-step
code and let the first one calculate various rate constants
as a function of E/N and then let the second use the ocutput
from the first code in a circuit analysis code. The second
code would allow changes in circuit parameters as well as
perturbations in the gas discharge parameters. It is important 3

to use this code to determine the sensitivity of the system

E performance to various parameter changes and thus help to
decide on the crucial research issues. The code must, of i
Ei course, be checked against reliable experiments to determine

its validity and applicability.

For the optically controlled switch systems there is a

need for the knowledge of various transition probabilities.
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The possible production, by lasers, of radicals with strong
electron attachment should be investigated. One needs gases

in which the attachment coefficient increases for vibrationally
or electronically excited states without too much shift in the
8 peak of the absorption coefficient towards lower energies. One
should also determine the feasibility of rearranging and forming
new molecules with strong ka' The disassociation of certain

molecules may also lead to fragments with high kye b

It was also pointed out, as mentioned in the introduction,

that it is extremely important to maintain the information ex-

change that has been started among various interested parties
with widely different areas of expertise. This objective can,
of course, be achieved in part by normal travel, correspondence,
telephone calls, meetings at national conferences, etc. In
addition, however, it will be necessary to hold a few informal
meetings and workshops, as during the last 18 months. It is
hoped that the sponsoring agencies will be able to help implement !
this objective. If another workshop similar to the two held so
far should be organized, it has been suggested that the near
term goals (switch parameters) of interest should be specified
more firmly next time. The various working groups would then
have the same parameters and goals in mind during their deliber-
ations so that results, concerns, and recommendations could be

more easily compared. Also, it was noted that the area i

of low pressure, diffuse discharges (~ the thyratron regime) !

deserve more attention that it received at this workshop.
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The area of plasma chemistry and possible catalytic ef-
fects of nearby insulators received insufficient attention.
The workshop organizers had great difficulty in finding
experts in this field. Two days before the conference the
only such person located called and cancelled for personal
reasons. This subject should, therefore, also be given special
attention at any future workshop.

A general research plan was suggested, as shown in Fig. 2.
The point was raised, however, that perhaps one should keep a
close watch on the screening results (of candidate gas mixtures)

in view of going directly from these to the switch design.

Pure Species Physics
L 4 +
Basic Data - Model - Switch Design
» 4 (Geometry, gas flow,
materials, etc.)
Mixtures Circuit
/r N\ Theory

History T Guesses
Screening

Fig. 2 General Research Program Outline

Several research topics were recommended by the various
working groups, as stated in their individual reports. Many
of the topics were similar in nature and there was no great
disagreement ags to the importance of most of these topics.
It is difficult to prioritize all these topics, however, and

we have instead chosen simply to list in,Table I, the ones we

consider to be most important.
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Table I. MAIN RESEARCH AREAS

Basic Data and Processes

a)

b)

c)

d)

Atomic and Molecular Data on Candidate Gas
Components

Rate Constants and Transport Coefficients in Gas
Mixtures

Gas Chemistry

Resonant Photon Processes

Code Development

a)

b)

Plasma Kinetics (Positive Column and Sheaths)
Parameter Semsitivity Analysis

(Coupling of Discharge Effects and Circuit Behavior)

Experimental Investigations of Switch Systems

a)
b)
c)

4d)

e)

£)

Screening of Candidate Mixtures

Bench Mark Experiments for Code Verifications
Diagnostic Development

High Pressure Discharge Stability Analysis and
Understanding of Channel Formation in Repetitive
and/or Long Pulse Systems

Gas Dynamics in Repetitive and/or Long Pulse
System

Electrode and Insulator Effects (Sheath and

Geometry Effects)

i
!
i
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OPENING SWITCHES

Scenarios for Their Use

M. F. Rose
Naval Surface Weapons Center

and

A. K. Hyder, Jr.
Air Force Office of Scientific Research

INTRODUCTION

There are many ways in which energy can be stored and
made to do useful work. For the purpose of pulsed power,
energy is usually stored at a slow rate in some suitable
media and subsequently released on demand by the experimenter
at whatever rate is suitable.

Obviously the use of storage mechanisms allows a time
compression in the delivery of energy to a load. It is advan-
tageous to do this because most of the phenomena studied using
pulsed-power techniques demand power levels in excess of giga-
watts and energy levels in excess of a megajoule. The time
scales for delivery range from milliseconds to nanoseconds. It
is neither practical nor possible to build continuous power
supplies which can provide the requisite amount of energy on
the appropriate time scale.

The most demanding technical applications for pulsed-power

technology are in inertial-confinement fusion and the military-

oriented programs such as nuclear-weapons effects simulation

S VN
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and directed-energy weapons concepts. Invariably, the time
scales and energy densities sought after for these applications
make energy storage and pulse compression a necessity rather
than an experimental nicety.
The range of applications of pulsed power is enormous.

The following list, by no means exhaustive, represents some
of the more interesting applications currently underway:

Inertial confinement fusion

Electrical discharge lasers

Directed energy weapons concepts

Nuclear weapons effects simulators

X-ray generators

Magneforming

Particie accelerators

Radar

Acoustic ranging

Electromagnetic mass drivers

Micromachining

Toys

Shock testers

Strobe photography

Applications of particular interest to the DOD are indi-
cated in Fig. 1, and the pulsed-power chain from prime power to

the load is shown in Fig. 2. There are several routes by which

power levels of interest can be delivered. Each of these routes
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involve different storage mechanisms with a broad range of energy
densities, switching requirements, and operating time scales.
Because of this, it does not follow that a given experiment can
be powered by the most compact store without several critical
intermediate stages in the power-flow train.

Table 1 illustrates approximate energy storage densities
which are currently available for a number of storage techniques.
It is obvious from Table 1 that not only is there a wide range
of storage densities available to the user, but the time scale
for delivery of the energy to the load also varies over several

orders of magnitude.

Table 1 Comparison of Energy Storage Techniques

Energy/ Energy/ Time Scale
Storage Mode/ Volume Weight to Deliver
Device Type J/m®x10°8 J/kg to Load
o Electrostatic
Capacitors .01-1 300-5Q0 us
0 Magnetic/Inductors 2 3
Conventional 3-5 10°-10 ms to us
Cryogenic 10-30
Superconducting 20-40
0 Chemical 6
Batteries 2000 10 6 minutes
Explosives 6000 5X10 us
o Inertial 4 5
Flywheel 400 10°-10 seconds

In Table 2 we present several typical large pulsed energy

sources employing storage techniques characterized in Table 1.




Table 2 Large Pulsed Energy Sources

Source
Inductive

Capacitive

Inertial
{Motor-~
Flywheel-~-
Alternator)

Inertial
(Homopolar)

Chemical
(Batteries)

Chemical
(MHD)

Largest
Existing
Installation
(MJ)

100
(Frascati)

10
(Los Alamos)
(Fast Bank)
25
(Lawrence
Livermore)
(Slow Bank)

1400
(Garching)

500
(Canberra)

100
(Frascati)

~ 300
(USSR)

Potential
Discharge
Times

(ms)

Ocl - 10

1073 - 10

107+

1-10

107+

3 x 104

System Cost
(s/3J)

0.25 - 0.3

0.25 - 1.0

0.015 - 0.04

.001 - .01

.03 - 3,0

The nature of the energy store and conversion scheme

employed in a particular pulsed power experiment is governed by

such factors as the nature of the load, cost, portability (weight

and volume) and reliability.

If cost and reliability were the

only governing factors, inertial stores would be the obvious

choice.

of power delivered in the submicrosecond time scale.

Unfortunately, many of the experiments demand terawatts

Hence there
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are some experimental loads where time constraints dictate

the choice of the storage medium to be used. Even then, several
stages of energy compression may be necessary to shape the pulse
for optimum transfer to the experimental load. While inertial-
inductive systems possess the attractiveness of high-energy density
they also demand a repetitive opening switch -- the device funda-

mental to this workshop.

Inductive Storage

Inductive storage offers the possibility of achieving higher
energy densities, resulting in a smaller weight and cost, than,
for example, a capacitive system of equal energy. The energy
density in an inductor is given by 32/2u° and in a capacitor by
keoEz/Z. Taking "reasonable" upper limits of B = 20 Tesla,
kx = 80, and E = 108 V/m, we find the energy density for the
inductor to be 1.6 X 108 J/m3 and for the capacitor 2.8 X 106
J/m3. The magnetic field energy density is about 50 times
greater than the electrostatic energy density.

Unfortunately, this simplistic reasoning is incomplete,
since the complete pulsed system must be considered, not the
inductor alone. Figure 3 shows schematically a simple induc-
tive pulser system. A charging source (needed in capacitive
systems also) must first cause the current to build up in the

inductor while S1 is closed. A transfer mechanism must then

deliver the energy to the load in the form of a pulse. This is

accomplished by opening S1 and closing Sz' In practice, the

oo




greatest problem is in designing an opening switch, which must

divert the inductor current from the charging path to the load

as s2 closes. Two or more switches opening sequentially may

be required (for example, mechanical plus crossed-field tube

or mechanical plus vacuum tube). The switching apparatus may
be so large and complex that the advantages of the small size
of the inductor is negated. In order to be efficient, charging
must be done quickly to minimize joule heating of the windings.
Therefore, for a large store of energy, high input powers are
required. The charge restrictions apply only to room tempera-
ture and cryogenic storage inductors. Superconducting storage
systems also suffer from switch technology and must have compli-
cated dewar systems with special feedthrough bushings.

The high energy density of inductive storage systems make
them likely candidates for further study. Inductive energy
storage becomes of primary interest at high energy (nominally
50 kJ). While the most interesting approach which minimizes
the charging problems is to use superconducting coils, they cannot
be discharged rapidly with today's technology. The overriding
technical problem limiting magnetic storage is the requisite
switch technology. Since many applications demand high repe-
tition rate, high voltage, and high current, the development of
opening switch technology must start with basic research to
define switch concepts capable of high rep-rate, terawatt per-

formance.




¢ g e e

s et e Az

L o - o ) ” i - it oy > o . e
e e el et At o e O i A S AR e - S i e - R A S VUM £ G O sl sl it

24

APPLICATIONS

The advanced microwave devices, particle beam weapons
concepts, particle beam fusion devices, the free electron
lasers, and some nuclear weapons effects simulators share
common load characteristics in that they require electron/
particle beam generators.

For example, in the case of an electron accelerator the
major power and load requirements are those imposed by the
required particle energy and the impedance of the electron
source. The design of source diodes is reasonably straight-

forward. For space charge limited flow, the diode impedance

is given by

2
s = 137 8

A
where V is the diode voltage in megavolts, A is the beam area/
emitter area, and 4 is the anode-cathode gap spacing. Setting
the particle energy fixes Vv, which allows calculation of diode
impedance in terms of the gap spacing and beam diameter. Once
the beam current is fixed, Z becomes established, and the A/4
ratio for the diode is calculable. Knowing 2 allows the calcu-
lation of the remainder of the parameters in the pulse power
train. There may be several more stages of pulsed power
associated with acceleration of the electron beam to higher
energies. These are usually accomplished by Blumlein trans-
mission/pulser systems which are matched to accelerator cavities

of the same impedance. The beam is inductively coupled to these

S A e W e - . - - -, X
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pulse sources. The length of the pulse produced in the energy
storage system is chosen to match the particle pulse which is
to be accelerated. Systems of this type can transfer over 90
percent of their energy from the store to the beam.

Regardless of the method used to fire the accelerator,
either directly from the inductive store or through some inter-
mediate store (e;g., inductive/Blumlein pulse shaping network),
the critical opening switch must appear between the store and
the load.

FPigures 4 and 5 are simplified schematic diagrams of typical

Soviet pulsed inductive accelerators. The Soviets have for
sometime been active in the area of inductively driven acceler-
ators. Figure 4 represents a case where the energy store is
transformer coupled to the accelerator load, thus allowing for
some pulse conditioning. These two examples are selected from
a rather large body of Soviet literature in this area. To the
best of our knowledge, no comparable level of effort exists in
the United States.

Free electron lasers employ a "true" accelerator in the
conventional sense. Electric discharge lasers, however, tend
to be hybrids: some cases (Fig. 6,a) employ an accelerator
for initial excitation of the lasing medium, but the main energy
pulse is provided by a sustainer power supply which 'sees’ a plasma
as a load (Fig. 6, a,b,c). In a pulsed chemical laser (Fig. 6c)

the power supply delivers its pulse to a flash lamp to initiate

the laser action. All of these do 'see' a plasma as a load,
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be it in the laser medium or in a flash lamp. Incidently, this
plasma behavior in a pulsed laser may be quite similar to the
operation of a low rep~rate opening switch in that excited pro-
ducts must be cleared between pulses.

A plasma is usually considered a purely resistive load. It
is true that the current and voltage relationships in a plasma
load show no inductive or capacitive components once the plasma

is established, but the power supply is often called upon to

compensate for strongly nonlinear early-time behavior in the

load. Power is introduced to the plasma through electrodes

and the electrode-plasma interface is a very nonlinear region.
Many of the loads must be pulsed and true steady state operation
is never achieved. 1In addition, the plasma geometry dictated
;§ by the load physics or output requirements can give rise to a
number of instabilities that may place severe requirements on
.the power system. In a typical electron beam initiated laser
for instance, the load is initially a capacitor. When the elec-
tron beam is turned on, the dielectric strength of the inter-

electrode space is reduced to a point where current starts to

flow. A relatively high voltage is usually impressed on the
electrodes prior to the initiation of current flow, but the
resistance in the gas very rapidly drops to a low value and the
plasma becomes a high-current, low-voltage resistor whose actual
value of geometry dependent. If the early-time behavior of the

plasma is important, two pulse sources are usually used, one to

:; . bring the plasma to the "steady state" and a second "working"

pulse which sees a nearly constant impedance.

Q
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A final interesting application is the electromagnetic
mass drivers which have broad applications in such areas as
electromagnetic guns, shock testing, as a means of launching
lunar raw materials into precise orbits for space manufacturing,
and to resupply passing starships. Mass drivers in general
represent nonlinear loads to the pulser.

The most highly developed and simplest accelerators are
the classic rail guns shown schematically in Figure 7. A set
of rigid rails is provided with a projectile in the form of
a movable short. When the pulser is discharged through the
rails, J X B due to the current and resultant magnetic field
produces a force which accelerates the projectile down the
rails. For the purposes of this discussion, assume that the
pulser has a constant voltage for the interval of interest.
Typical pulsers might be battery banks, fuel cells, MHD gen-
erator, large homopolar generators, or L-C pulse forming net-
works. In any event, the internal characteristics of the source
Rs' Ls’ and V can be gspecified. It is easy to design a set of
rails with a given inductance (Lr) and resistance (Rr) per unit
length. These variables constitute the load insofar as the
pulser is concerned.

Existing rail gun experiments employ homopolar generators
and inductive stores (Fig. 8), with an attendant opening switch

(Sz)' The requirements on S2 in this applic-tion are much less

severe than those for lasers and accelerators for two reasons:

e e




28

1) S2 may be needed only at the start of a burst and, 2) the
payload is an initial short across 52'

For any of these applications there are several practical
problems which must pace the opening-switch research and

1, development:

* The on-state impedance must be near zero to prevent
losses in the switch.

* The off-state impedance must be much larger than the
load impedance.

. [ 12 R dt limitations will require either cryogenics

or impulse charging.

* The switch must eventually work reliably outside of
the laboratory.

* The energy involved in maintaining the on-state must
be minimal in comparison to the total energy stored

or switched.

An attempt to generalize parameters governing the rangé

of applications discussed above is presented below: N

Application vso Imax Rep Rate Duty .
CPB 100 kv 10'ska kHz 10%
Microwave Source 1 MV kA's 10 Hz-1 kHz 10% i
Laser Driver kV's 100 ka kHz ? ;
Vso is the minimum stand-off voltage, Imax is the maximum

; current flow in the on-state, and the duty cycle is defined as

¢ on~time/total time.

I ————— s S e M o Tl R s s o e ST




g

29

Only ranges and order of magnitude estimates are given
since the actual figures are system/circuit specifiec.

Within the framework of this generalized parameter space,
we examined in gslightly more detail the interaction of the
circuit with the switch operation using the Net II computer
code. These represent preliminary results, and more refined
calculations will be done as more details of the switch model
evolve. Figure 9 is a schematic of the simple circuit used;
the opening switch is represented by a purely resistive, non-
linear element. The inductive store, L, is driven by a power
source characterized by Va., RB; RL is the purely resistive
load.

Figures 10 through 13 summarize the calculations. A typical
time history of the switch impedance is given in Figure 10.
The transition time from the conducting to the non-conducting
state was varied between one and two microseconds, while the
high-impedance (non-conducting) state was maintained for 20
microseconds. In all cases the impedance collapse from 100
ohms to one micro-ohm occured in one microsecond.

Figures 1l and 12 are typical results of these calcula~

tions. For the case shown:

VB = 500 volts
6

L = 10" ° Henry

Ry = 0.001 ohm

RL = 10 ohms

S h o L i it ok A : - SO RN L NN, i, g,
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It is interesting to note that more energy was deposited
in the switch than in the load in this case.

Several additional cases are summarixed in Table 3. Clearly,
and not surprisingly, dramatic improvements in the switch losses
can be made by increasing the ratio of the switch non-conducting
impedance to the load impedance, and by decreasing the tran-

sition time from conducting to non-conducting states.

Table 3

L Vs RL Tg Tp Te EI EL Es VL Zs Es/E

H v US US  us kJ kJ kJ kv (3 loss)
107% so00 10 2 20 1 27.45 11.84 15.61 894 10 57
107% s00 10 1 20 1 27.45 19.2 8.25 1171 10 30.0
107° s000 1 2 20 1 3308 3153 255 769 100 8.0
1073 5000 10 2 20 1 3308 2700 608 5700 10 18.4
1072 s000 10 1 20 1 3308 2860 448 5800 10 13.5
107> s000 1 1 20 1 3308 3232 72 780 100 2.3

Military systems, of necessity, are weight and volume con-
strained. The availability of credible opening-switch technology
would allow use of inertial/inductive stores with their attendant
_energy-density advantages. This could conceivably result in
power trains that are simpler, more reliable, and perhaps an
order-of-magnitude smaller when compared to existing pulser

designs.
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PULSED POWER
TECHNOLOGY

[acousTical
JAMMING }

DIRECTED
ENERGY
APPLICATIONS

¢

COMMUNI-
CATIONS
(ELF)

EM
PROPULSION

NUCLEAR
EVENT
SIMULATION

HIGH-POWER
MICROWAVES

PARTICLE
BEAMS

Applications of pulsed power which

are of particular interest to the
Department of Defense.

FIGURE 1.
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INDUCTIVE SWITCHING PRINCIPLES
P. J. TURCHI

R & D Associates, Inc.
Washington Research Laboratory

Introduction

In preparation for discussions of diffuse-diécharge open-
ing switches, it is useful to review some basic features of
inductively-driven pulsed power systems. Such power systems
derive their (potential) advantage from the use of high
energy density storage techniques (e.g., homopolar generator,
high-field inductive store, MHD generator, etc.). For tech-
niques that utilize mechanical energy storage in the form of
electrical conductors moving at high speed, constraints are
often imposed that the energy storage density is less than
mechanical stress limits (e.g., yield strength) and that
energy is removed from storage on timescales longer than
acoustic transit times in the structure. Either the storage
medium (~ moving armature) or the extraction structure (-~
stator) may limit the operating energy density and output
pulsetime. Typically, high energy sources deliver current
pulses in times ranging from 0.1 sec (HPG's) to 100 usec
(pulsed MHD). A critical feature of an inductive opening-
switch system is the ability to conduct current for these

relatively long times, and then to open on command in much

shorter times.
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The energy required for opening-switch operation is
determined by both fundamental and technical factors. These
factors depend on the nature of the load (resistive, capaci-
tive, inductive) and the approach utilized to achieve the
switching action. For example, if current flow in an inductive
circuit is diverted to a purely-resistive load by a purely-
resistive opening-switch, the energy dissipated in the switch
will mainly depend on the relative resistance-values of the
switch and the load and thus on the switching technique.

Flow of current in a load, however, is associated with mag-
netic flux and therefore real loads will always have an in-
ductive component. Similarly, the switch will possess some
inductance. It may be shown quite easily (Appendix I) that

there are fundamental requirements for energy dissipation

in the switch, independent of the switching technique. Such
fundamental requirements on energy dissipation and voltage

generated in switching (for a desired output pulsetime) must
be considered in evaluating the operation and limitations of

diffuse-discharge opening switches.

Simple Circuit Results

In the Appendix, several elementary inductive pulsed power
circuits are considered. It is seen from the derivations
that typically the opening-switch must dissipate an amount of
energy about equal to that transferred to the inductive com-

ponent of the load. Energy associated with the inductance

ey
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of the switch itself must also be dissipated. The results

of the simple circuit analyses are summarized in Table I.

Table I
fﬁ Energy Dissipated or Stored in Opening Switch
W/Eo
Ly
: Case 1l: Inductive-Load, Purely-resistive Switch ——
| L+,
& ’ L
1 Case 2: 2Zero-impedance Load, Inductive Switch T<L
- 17p
B LyLy+L (Lg +L,)
F Case 3: Inductive~Load, Inductive Switch 7—-___§T_____T
; L +L,) (L, +L
= 1°72° 1% p
. ) L,
Case 4: Inductive-load, Purely Capacitive Switch TIL
| : 172
Case 5: -Chaggigg Inductance Load/Switch AL
L

The last two cases in Table I do not involve energy

.

dissipation in the switch but are not relevant to diffuse-

discharge switching as commonly envisioned (i.e., external

excitation). 1
Note that it is typical for inductive switching opera-

tion to transfer magnetic energy to a new volume of space,

leave some magnetic energy in the original volume, and to j

dissipate magnetic energy (and magnetic flux) in the process.

A simple illustration of such operation is given in Fig. 1
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is no longer carrying current), so some magnetic energy

with the assistance of Poynting's vector §=Ex B/u combined

with Ohm's law, E = nf. Magnetic flux and energy flows out

of a storage volume into the switch material of resistivity

n. (The direction of the flow is the same as the 3 x B force
acting at the switch surface.) In Fig. 1, two coaxial sole-
noids are shown in cross-section, with current flow (initially
only in the inner solenoid) perpendicular to the plane of the ﬁ
figure. Magnetic field lines from the current flow surround H
the inner solenoid and some also surround the outer (non i
current-carrying) solenoid. Let the resistivity of the outer
solenoid be much less than that of the inner solenoid. Field
line segments of the same magnetic field loop surrounding only

the inner solenoid flow into the solenoid from both sides and

eventually meet, cancel (or annihilate), and thereby generate
heat. For the field loops that surround both solenoids,
however, field line segments flow completely through the

inner solenoid and never meet oppositely - directed field
lines since the resistivity of the outer solenoid is assumed
to be low (n:O). The net result is that field lines surround
the outer solenoid, representing current flow in this solenoid
and a transfer of magnetic energy to a new region of space.
Note that some field lines associated with current flow in

the outer solenoid also surround the inner solenoid (which

remains in the original volume. Visualizing the "flow" of

magnetic field lines, including annihilation, may aid in the
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conceptual design of opening-switches. For example, the
magnetic field surrounding only the switch dissipates its

energy in the switch.

Some Critical Features for Opening Switches

To guide research in support of repetitive opening-
' i
switch technology, it is useful to consider some critical
features for switch operations:

1. Ratio of conduction time to opening time - to realize

the potential of high energy density inductive power
systems, this ratio should be at least 10. Heating (and
gas motion) during the conduction phase may limit the
ability of diffuse discharges to operate directly with
high energy sources for which the conduction time may
exceed 1073 sec.

2. Ratio of closed to opening voltage -~ which, along with

the temporal ratio, determines part of the switch effic-~
iency (i.e., flux loss).

3. Rate of rise of dielectric strength and/or resistivity

- such rates determine the opening time in the context of
the load requirement (voltage and/or current rise).

4. Source of energy (current) to operate switch - clearly

affects desirability and practicality of switch concept.

5. Ability to absorb/dissipate required energy - during both

the conduction phase and opening/transfer phase of the

switch, energy will be dissipated that could critically
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affect switch operation (by creating thermal instabilities,
for example). The energy density for allowable dissipation

will scale the switch size.

6. Size, cost, complexity of the switch (system) - a clear

advantage over existing technology must exist.

7. Control and rep-rate - for repetitive operation the

, Switch environment must recover between shots. Also,

long term degradation of the switch medium (and other

parts of the switch system) must be considered (e.g.

introduction of electrode and wall impurities could affect

discharge chemistry).

3 By focusing quantitatively on the parameters that deter-

; mine the relative advantages of inductive power systems over
conventional (capacitive) technology, the operating require-
ments for repetitive opening - switches can be defined. These
operating requirements will then indicate critical basic
research areas that must be pursued and, perhaps more impor-

tantly, technical approaches that are inadequate for the

desired system-operation.

i,
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FUNDAMENTAL PROCESSES IN DIFFUSE DISCHARGES

Manfred A. Biondi
Dept. of Physics & Astronomy, University of Pittsburgh

The purpose of this review is to establish the important processes
in diffuse discharge switch plasmas and to present typical rates for the
processes under expected switching conditions in order to provide a per-
spective for engineering designs. In addition, possible problems with
suggested plasma density/conductivity modification schemes for the switches
will be touched on.

Consider a simplified description of the variation of electron con-

centration ng in a plasma via the continuity equation,
3ne/3t‘Pe'une2-va ne ’ (1)

where Py represents the volume rate of electron (and {on) production via
processes such as electron impact ionization, the second term is the volume
recombination rate, with a the effective two-body electron-ion recombination
coefficient and the third term is the attachment rate, with v; the electron
attachment frequency to form negative ions (detachment of electrons from
negative ifons is neglected, and diffusion is slow on the time scale of
interest). From Eq. (1), since the recombination rate varies as ng2 and

the attachment rate as n,, in a stationary high density ptasma, recombination

balances ionization and thus controls the electron density achieved.

I. Electron-Ion Recombination Processes

Since the plasma conductivity (which controls power transfer and
Tosses in the switch) depends on the electron concentration (and on the
electron mobility, which will be discussed in the following paper) it is

important to consider the various recombination processes which control the

electron removal. The possible forms of electron-ion recombination are
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illustrated in reactions (2) . through (5)

At + e~ > A* + hy , (Radiative) (2)
A* + e~ +e- > A" +e , (Collis.-Radiat.) (3)
A*+e-+N+A"+N , (Neutral Stabil.) (4)
AB* + e- + (AB*). ~ A* + B . (Dissociative) (5)

Reactions (2) and (5) are 2-body in character; however radiative recombination
is too slow to be of interest. Reactions (3) and (4) are three-body in
character, requiring a third-body to remove energy from the system to cause
capture of the free electron. This is shown for reaction (3) in Fig. 1,
where two free electrons (open circles) in the vicinity of an ion A* interact
and exchange energy, leading to initial capture of one to form the neutral
excited atom Aj*.

The highly efficient two-body dissociative recombination process,
reaction (5), in effect carries its own energy-removing third-body in the
molecular ion, converting electronic energy into kinetic energy by molecular
dissociation following the initial, resonant capture of the electron, as
indicated by the potential curves of Fig. 2. The electron capture to form
(AB*), may either be direct (left figure) or indirect, through initial
formation of a Rydberg state (AB*)a (right figure). The rates of the direct
and indirect processes vary differently with electron energy. The magnitudes
and electron temperature dependences of the dissociative recombination

coefficients for various ions may be expressed in the form

a = ag00(Te/300)7% . (6)

Typical values for the various classes of ions are given in Table I.
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Table I. Typical values of recombination coefficients.

Ion Type Examples gsoo(cm3/sec) X
“Simple" Light Diatomic Neo*, Np¥, 0p* ~ 2 [-7] 0.4 - 0.7
Light Rare Gas Trimer Nes* ~ 1 [-6] 0.3 - 0.4
Molecular Dimer/Trimer No*-No, CO*-(C0)1’2 n 2 [-6] 0.3 - 0.4
Heavy Rare Gas Diatomic Krp"s Xe,* ~ 2 [-6] 0.5 - 0.6
Polar Cluster lons H40%(H0), 2 to 4 [-6] 0.0 - 0.1

To assess the relative importance of the various recombination processes
we compare their effective two-body rate coefficients, S ffe For reaction (5),
apf = O For reaction (3), darg = Kep Ngs While for reaction (4), a ¢¢ = Kis Mne
where the K's are the appropriate three-body rate coefficients. Fig. 3
compares the rates of the various processes at various neutral concentrations
(Teft side) and electron concentrations (right side) at low and high electron
temperatures. It will be seen that for realistic switch pressures and
plasma densities, at modestly elevated electron temperatures, Te 2 1000 K,
dissociative recombination of any molecular ion (the horizontal lines) outweighs
any other electron recombination process. Further, the effective rate at elevated
temperatures, T = 10,000 K, is still so large for most molecular ions

(ages % 10~7 cm3/sec) that appreciable energy must be expended in creating a

large enough ionization rate to yield a high plasma density.

II. Ion-Ion Recombination Processes

Since electron attachment figures prominently in fast opening switch
plans, the fate of the negative ions formed should be considered - are they
neutralized by recombination with positive ions or do they release their
electrons as a result of collisions with neutrals (detachment)? The two-body,
mutual neutralization (ion-ion recombination) coefficients are typically

%n ~ 10-7cmYsec at Tj = Tn = 300 K, and the coefficient is expected to

5 S

ida




~4

63

decrease as Ti']/z. Neutral-stabilized ion-ion recombination, the ion analogue
of reaction (4), has an effective recombination coefficient at 1000 Torr
pressure and T; = 300 K, ay = K; n, ~ 1076 cm3/sec, and decreases as T1'3.
Thus, in a plasma of charged particle concentration 10!* cm-3, a negative ion
has a lifetime of 3 10~8 sec against neutralization by positive ions, while
detachment of the electron may either be very much slower or comparable in

rate, depending on the process involved (see discussion in Sec. III A).

I111. Ion-Molecule Reactions

A. Electron Detachment at Collisions between Negative Ions and Neutrals

In order to reduce the plasma conductivity for switching, electron
attachment to molecules to form stable negative ions is proposed. It is,
however, necessary that the negative ion not detach its electron on subsequent
collisions with neutrals in the plasma. One means of electron detachment is

via impact of a sufficiently energetic negative fon with a neutral,
A-+B>A+e"+8B . (7)

As a rule-of-thumb, there is a threshold for such collisional detachment when
the center-of-mass kinetic energy of ion and neutral is of the order of the
electron affinity of the negative ion, and the detachment cross section becomes
appreciable (~ 10~16 cm2) only at 3 to 10 times this energy. Thus, at low
energies,ffl eV, there is no collisional detachment of strongly bound electrons.
In a switch plasma, the ion energy distribution provides a few higher energy
ions, so that negative ions with weakly bqund electrons, e.g., 02' for which

E.A. = 0.4 eV, exhibit some collisional detachment in moderate electric fields,

as shown in Fig. 4. Also, for such ions, gas heating to 500-1000 K provides

measurable collisional detachment.
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Collisional detachment is expected to be negliigible in diffuse
discharge switches containing a rare gas/halogen-bearing molecule mixture.

For example, the C1~ produced by the dissociative attachment reaction
e~ + HCl » (HC]')r +H+ Cl~ (8)

has a strongly bound electron, E.A. = 3.7 eV. However, if the diffuse discharge
causes appreciable dissociation of the HC1 molecules (e.g., by electron impact),
the free hydrogen atoms can cause associative detachment of the electron on
collisions with C1~ ions via

Cl1" +H~» (HC'I‘)a + HCl + e~ . (9)

This reaction (essentially the inverse of reaction (8)) has been

calculated to proceed at nearly the Langevin rate, i.e., kad ~ 10-? em3/sec,

independent of ion energy. If 1% of the HC1 molecules (assumed to be present
at a pressure of 10 Torr) are dissociated, the lifetime of C1~ against

associative detachment is ¢ d* 1/(kad[H])= 3 x 1077 sec. Thus, as the plasma

a
concentration decreases below 101* cm~3 and/or the jon "temperature® in the
applied fields is elevated significantly above 300 K, associative detachment

to free the electron will outweigh neutralization of the negative ion by

ion-ion recombination. However, the rapid dissociative attachment, reaction (8),

assures a negative ion/electron ratio >> 1.

B. Positive lon Charge Transfer and Clustering Reactions

Since cluster ions such as H30+-H20 exhibit large dissociative
recombination coefficients over the whole electron temperature range 1ikely
to be encountered in diffuse discharge switches, formation of complex ions by

transfer or clustering reactions can seriously inhibit maximum plasma densities

achieved.




On the basis of known charge transfer and clustering reaction rates

for related species, for a hypothetical diffuse discharge containing 1000 Torr Ne

and 10 Torr HC1, one postulates the following reaction sequence;
Ne*(or Ne;*) + HC1 -~ Ne(or 2 Ne) + HC1* (10)

followed by
HC1* + HC1 + Ne -+ HC1Y-HC1 + Ne , (11)

and perhaps further clustering steps. A likely rate for reaction (10) is ]
ket X 10™? em3/sec, yielding a time constant for HC1* formation of

Tt = ll(kct[H61])§ 3 ns. For reaction (11), Ko~ 10-27 c¢m8/sec, leading

to a clustering time constant for HC1T-HC1 formation of A 1/(Kc[HCI][Ne])
~ 0.1 nsec. Thus,'on a nanosecond time scale,. our hypothetical plasma might
well be dominated by cluster ions, with the attendant probliems that that

involves.

IV. Some Potential Problems

In a brief review of this type it is not possible to discuss all
relevant atomic c~11ision processes that control the diffuse discharge's
behavior. To suggest the wide-ranging nature of the relevant processes,
let us consider two that pose possible problems for laser pumping of molecular
vibration to enhance electron attachment in molecules such as HCI.

A. Vibrational Relaxation

If an adequate population of vibrationally excited molecules (e.g.,
HC1*) is to be attained with reasonable laser pumping powers, vibrational
relaxation due to collisions with other atoms/molecules must be slow.
Ordinary collisions involving conversion of vibrational energy to transiational

energy of separation (V-T) are inefficient and do not lead to rapid relaxation.

However, using HC1 as an example, in the presence of dissociated atoms of H
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and C1, vibrational relaxation via atom transfer can be a fast V-T process; 1

i.e., for the reaction

Hert(v) + 1+ (Hye)¥ > H + HerF(v < v), (12)

;‘i the rate coefficient may be large, k. ~ 10-10 cm3/sec.

vr
;f; In addition, V-V processes, in which vibration is rapidly exchanged
between molecules, tend to defeat selective pumping to a higher vibration

;. state (such as v = 2); i.e.,
7 ’ Hc1*(v = 2) + HCI(v = 0) » HCl*(v =1) + HC]*(V = 1), (13)

Again, this reaction probably exhibits a large rate coefficient, kvv X 10-10
cm3/sec.

B. Absorption of Pumping Radiation by Plasma Species

To illustrate rather far-out processes that might frustrate an other-
wise promising switch conductivity modulation scheme, consider optical
absorption by plasma species created in the diffuse discharge itself. We
have seen that cluster ions may form and quickly dominate in the switch
plasma. The absorption bands for such ions may lie in awkward spectral
regions - such as at the frequency of the vibration-pumping laser, and one
| must consider the concentration of such ions and their absorption coefficients
to decide whether one can neglect the losses they induce. (In rare gas-
halide lasers, absorption bands by the principal plasma ions occasionally
do inhibit laser gain). While this process is rather unlikely to cause i

problems in switch plasmas, it is mentioned to suggest the need for great

care in searching out potential pitfalls hidden in seemingly innocent atomic -4

collision processes.
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FUNDAMENTAL PROCESSES OF IMPORTANCE IN DIFFUSE DISCHARGES
FOR OPENING SWITCHES*

A. V. Phelps’

Joint Institute for Laboratory Astrophysics
National Bureau of Standards and University of Colorado

Boulder, CO 80309

I. INTRODUCTION
We will continue the review of fundamental processes relevant to diffuse
discharge opening switches with discussions of various aspects of electron
collisions with atoms and molecules. In Sec. II we discuss examples of data
concerning the elastic collisions of electrons with molecules. The subject of
electron attachment to molecules 1s reviewed in Sec. III. This will be
followed by a consideration of electrom collisional ionization in Sec. IV, aand

finally i{n Sec. V we consider the topic of gas heating resulting from electron

collisions with gas molecules.

II. ELASTIC COLLISIONS
In Fig. 1 we show a recent compilation which we have made of the total

cross sections for electron scattering in nitrogen. The uppermost curve is

*This work was supported in part by the U. S. Army Research Office.

tStaff Member, Quantum Physics Division, National Bureas of Standards.
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the sum of the elastic, excitation and ionization cross sections as measured

by attenuation of a beam of electrons.l’2

The various partial cross sections
are shown by the dashed curves. The ghort dashed curve shows the energy
dependence of the total cross section for elastic scattering. This curve is
based on experimental dataa for electron energies up to 400 eV. At higher
energies we have made use of theoretical calculationa.a The total ionization

cross section is taken from the work of Rapp and Englander-colden.s

The sum
of the excitation cross sections shown here is taken from Pitchford and
Phelps.6

The cross sections shown in Fig. 1 for N, are illustrative of the data
now available for a few gases such as nitrogen, argon and helium. In additiom
to these total cross sections, a thorough analysis of electron motion in gases
requires a knowledge of the differential cross section for electron
scattering, that is, information concerning the angular distribution of the
scattered electrons. Figure 2 shows an example of such data again for Ny.

3,7 of the differential cross sections

Here we have plotted experimental values
weighted by the sine of the scattering angle, since this is the function which
is used to determine the various partial cross sections. The partial cross
sections are defined by the equation sghown in Fig. 2. This relationship
comes from an expansion of the differential scattering cross section in
spherical harmonics. If we consider n = 0 we obtain the total cross section
for elastic scattering at 10 eV which was shown in Fig. l. If n = 1 we have
an additional cosine weighting of the differential scattering cross sectiom.
The difference between Q; and Q; is the well-known momentum transfer cross
section.

I would now like to call your attention to a recent compilation of cross

sections for elastic scattering in some of the more common gases by Hayashi.l
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This report presents graphical and tabular data for the sum of the total cross
sections as well as the total transport cross sections for elastic
gcattering. Although I have checked only parts of this report, I believe
these data are the best available in print at the present time. For some
gases of interest for diffu;e discharge switches, very little experimental
data are available, and we must turn our attention to theory. Padial,
Norcross and Collins8 have recently carried out detailed calculations of
electron scattering in HCR for electron energies between about 0.3 eV and 10
eV. Of particular interest is the low electron energy range where, contrary
to previous theories, the elastic scattering cross section is comparable with
or larger than the rotational excitation cross section. This set of
theoretical cross sections has been found to be in very good agreement with a
set of cross sections derived from very recent measurements of electron

transport coefficient for HCA by Davies, as reported by Chantry.9

I1I. ELECTRON ATTACHMENT

In this section we discuss the process of electron attachment. For the
purposes of this discussion we will consider the oxygen molecule, for which
the potential energy curves are shown in Fig. 3. These curves show the ground
state and the first excited state, the a 1A8 state, of the neutral molecule.
Also shown are the xzng ground state and one of the excited states, a Znu
state, of 0;. At low electron energies, electron attachment occurs to the
oxygen molecule via a three-body process involving vibrational states of the
xzng state of 0;. Although this process is of great importance in high
pressure gases containing oxygen, the rate coefficients for this process are

large only for low energy electrons.l0 It 1s therefore an undesirable process

for diffuse discharge switches. In order to avoid attachment by such low

)
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energy processes one would like to work with molecules which do not have
stable negative ion ground states such as is shown in Fig. 3.

The type of potential energy curve associated with attachment processes
appropriate to diffuse discharge opening switches is shown by that for the
repulsive znu state of 0; shown in Fig. 3. The theory for dissociative
detachment via this potential energy curve has been worked out in some detail
by O'Malley.11 The solid vertical lines show the region of internuclear
separation for which there is a high probability of electron attachment from
W the lowest vibrational state of neutral 0y, According to this theory,
electrons with energies above about 6 eV can attach to the 0, molecule in the

dissociating state. The nuclei then begin to move apart. As the nuclei

i: separate the electron can be reemitted, that ig, it can be asutodetached from i
& the negative ifon. If detachment occurs, the oxygen molecule may be left in
the vibrationally excited state. I1f detachment does not occur, then the
nuclei will separate forming a neutral oxygen atom and an oxygen atomic
negative ion.

If a neutral oxygen molecule is initially in a vibrational excited state,

then the range of nuclear separations which can lead to dissociative
attachment is indicated by the vertical dashed lines of Fig. 3. One notes

that for negative ions formed near the outer turning point, there is less

distance to travel before reaching the crossing point for the X3Z and ZH“
curves znd autodetachment is less likely. This leads to a much larger
probability of negative ion formation at low electron energies. Calculated
cross sections for electrom attachment to the various vibrationally excited
states of O, as obtained by O'Malley!! are shown in Fig. 4. One notes that j!_
| ’ there is approximately a factor of 20 increase in the dissociative attachment

cross section in going from the ground vibrational state to the fifth

‘
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vibrational state. The potential energy curve and autodetachment lifetime

parameters required for this theoretical calculation were obtained by fitting
temperature dependent electron attachment coefficient data obtained by
Henderson, Fite, and Btackmann.lz

Similar theoretical calculations have been made for other molecules in
response to observations of temperature dependent attachment coefficients. An

example is that of HCR where Allan and angl3

measured a very significant
variation in the attachment coefficient with temperature. Other studies of
electron attachment to HCL are those of Davies as reported by Chancry,9 in
which simultaneous measurements were made of electron attachment coefficient
and electron drift velocity. The latter measurements were made only at room
temperature.

Figure 5 shows a plot of integrated electron attachment coefficients as a
function of electron energy of the peak of the attachment cross section for a

9:14,15 g ne of which may be of use in diffuse discharge

number of gases,
opening switches. The gases shown here are thoge with distinct peak cross
sections well above zero emergy. This plot does not show data for gases with
large low energy attachment cross sections. The solid line in the upper right
hand corner of this picture shows an approximate theoretical limit for
resonance~-type electron attachment.ls Another way of looking at electron
attachment data is to plot the attachment coefficient from electron swarm

experiments as a function of the mean electron energy. Such a survey has

recently been made by Chantry.9

IV. ELECTRON IMPACT IONIZATION
In this section we discuss data concerned with the process of electron

impact ionization of atoms and molecules. A number of surveys and data

= L N e A b =l S %22 o
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compilations have been prepared on this subject and I would particularly like

to call attention the articles by Moiseiwitsch and Smith,16 and by Lotzl?

10

and

by Dutton. The latter article is concerned with data obtained by electron

swarm techniques. 1In addition there is the data compilation by Kieffer.18
We now turn to the problem of multi-step or cumulative ionization. This

is ionization which occurs in a succession of processes beginning with

electron excitation of the atom or molecule and ending with electron impact

ionization of an excited atom or molecule.l9

Figure 6 shows a schematic of
such processes. In the upper part of the diagram we have shown a simple
schematic of the energy levels of an atom. The arrows indicate electron
impact excitation and deexcitation. This schematic indicates that ionization
of a ground state atom can occur via collisions involving excited atoms.
Furthermore, there is the possibility of electron-ion recombination resulting
in an excited atom which gradually is deexcited by collisions to the ground
state. In the absence of competing processes, such a system would be in a
Saha-Boltzmann equilibrium at the temperature of the electrons. In this
schematic we have indicated one possible competing recombination process, that
is, the process of dissociative recombination discussed at this workshop by
Professor Biondi. According to this process, the atomic ions collide with two
neutral atoms to form a molecular ion in three-body collision process.
Electrons may now collide with this molecular ion causing dissociative
recombination. The product of this process will, in general, be an excited
atoa. Under most discharge situations, this recombin: tion process is not
balanced by an ionization process, such as associative irunization. The result
is a flow of excitation from the ionization continuum downward to one of the
lower excited states of the atom. This is followed by electron impact

excitation to the fonization continuum. Models built from this group of
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procesges can be used to describe the role of multistep ionization in high
energy density electrical discharges, such as may be encountered in diffuse
discharge opening switches.

The lower diagram in Fig. 6 shows representative excited state
populations as a function of the electron energy of the excited state. The
dashed curves represent lines with a slope appropriate to the electron
temperature. It is only the lower and very highly excited states for which
the population ratios follow the electron temperature. An important vesult of
this model is a description of the ilonization process in terms of the density
of atoms in the lowest excited state in the loop shown in Fig. 6 and in terms
of the electron and positive fon densities and the electron temperature. Such
results are more conveniently expressed in terms of the collision-recombina-
tion coefficient or a three-body electron-ion recombination coefficient rather
than in terms of the lonization coefficient because of the glower variation of
the recombination coefficient with electron temperature. Figure 7 shows the

19,20 The dashed curve and the points show

results of such calculations.
calculated collisional-recombination coefficients for a hydrogen-like atom as
a function of electron temperature. The calculations are shown for a number
of lower excited states considered in the loop of Fig. 6. The solid line at
the bottom of the diagram shows a representative collisional recombination

coefficient in which neutral atoms are the third body.19

We now turn briefly to the subject of electron impact ionization of
excited molecules. Very little information is available on this subject.
Recently Armentrout, 55_3},21 have measured the cross section for the electron
impact ionization of nitrogen molecules in the A3Z state. These results are

found to be in approximate agreement with theoretical calculations of the same

quantity.
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V. GAS HEATING BY ELECTRON COLLISION PROCESSES
In this section we review the available data on electron impact heating
of gases. The review is very short because data are available only for
nitrogen and air. Figure 8 shows the plot of experimental data obtained by a

22-25 primarily Russians. The lowest dashed curve in this

number of authors,
figure shows the results of theoretical calculations of rotational excitation
by Engelhardt, Phelps and Risk,26 which have been used in most analyses of the
subject. The solid curve shows the results of calculations using the cross
section set of Pitchford and Phelps.6 The upper dashed curve shows the
results of our, as yet incomplete, calculations in which the cross sections
for the rotational excitation of the nitrogen molecule were increased by a
factor of two. Napartovich‘gg_g;_.z4 report calculations using theoretical

rotational excitation cross sections of Oksyuk27

20 v m?, but which increase too rapidly as E/N

which agree well with
experiment at E/N near 3 x 10
is decreased. The portion of the solid curve for E/N electric field to gas

20 v mz represents gas heating via rotational

density ratios below 5 x 10
excitation of the nitrogen molecule. The portion of this curve at higher E/N
is caused by electronic excitation of the nitrogen molecule and subsequent
collisional deexcitation of the excited molecules. Omne set of similar data
has been published for the heating of air by electrons.28 The values are much
larger than we calculate using the available information for electron impact
excitation of rotational levels of nitrogen6 and oxygen.29 One possible
explanation is that the experimental data actually apply to moist air,

although the contrary is stated in the publicat:ion.28
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VI. SUMMARY

We have presented the very brief summary of electron impact data relative
to diffuse discharge opening switches. The data set that we have cited for
the nitrogen molecule is an examplg of the rather complete set of information
currently available for that gas. Unfortunately, very few data are available
for most gases, for example, CH,. Many more experiments using the various
techniques of electron scattering and of electron transport measurements are
necessary in order to provide the information necessary for thg design and

optimization of discharge switches.




L .

(R,

v e N,

A AN Aty el

g s

5.

9.

10.
11,

12.

13.

‘80

References
For a very recent analysis of total and elastic collision cross sections
see M. Hayashi, Institute of Plasma Physics, Nagoya University, Report
1PPJ-AM~19, November 1981.
See for example, H. J. Blaauw, R. W. Wagenaar, D. H. Barends and F. J. de
Heer, J. Phys. B 13, 359 (1980); G. Dalba, P. Fomasini, R. Grisenti, G.
Ranieri and A. Zecca, J. Phys. B 13, 4695 (1980); R. E. Kennerly, Phys.
Rev. A 21 1876 (1980).
See for example, T. W. Shyn and G. R. Carigan, Phys. Rev. A 22, 923
(1980).
M. E. Riley, C. J. MacCallum, and F, Biggs, At. Data Nucl. Data Tables
15, 443 (1975); D. J. Strickland, D. L. Book, T. P. Coffey, and J. A.
Fedder, J. Geophys. Res. 81, 2755 (1976).
D. Rapp and P. Englander-Golden, J. Chem. Phys. 43, 1464 (1965).
L. C. Pitchford and A. V. Phelps, 34th Gaseous Electronics Conf., Baston,
Mass., Oct. 1981,
S. K. Srivastava, A. Chutjian, and S. Trajmar, J. Chem. Phys. 64, 1340
(1976).
N. E, Padial, D. W. Norcross, and L. A. Collins, Phys. Rev. A (submitted)

P. J. Chantry, “Negative Ion Formation in Gas Lasers,” in Applied Atomic

Collision Physics Vol. 3, Gas Lasers, ed. W. L. Nighan (Academic, New

York, 1982), Chap. S.

J. Dutton, J. Phys. Chem. Ref. Data, 4, 577 (1975).

T. F. 0'Malley, Phys. Rev. 155, 59 (1967).

W. R. Henderson, W. L. Fite, and R. T. Brackmann, Phys. Rev. 183, 157
(1969).

M. Allan and S. F. Wong, J. Chem. Phys. 74, 1687 (1981).

- -

-y

ch . .




P
. T o e

TTIIXL

14'

15.

16.
17.

18.

19'

20.

21.

22.

23.

24.

25.

8l

H. Ebinghaus, K. Kraus, W, Mliller-Duysing, and H. Neuert, Z. Naturforsch.
19a, 732 (1964); M. V. Kurepa, V. M. Pejdev and I. M. (Yade!, J. Phys. D
9, 481 (1976); D. K. Davies, J. Appl. Phys. 47, 1920 (1976).

L. G. Christophorou and R. P. Blaustein, Chem., Phys. Letters 12, 173
(1971).

B. L. Moiseiwitsch and S. J. Smith, Rev. Mod. Phys. 40, 238 (1968).

W. Lotz, Z. Physik 216, 241 (1968) and ibid 232, 101 (1970). See also,
E. J. McGuire, Phys. Rev. A 16, 73 (1977).

L. J. Kieffer, JILA Information Center Report 13, University of Colorado,
September 1971.

For reviews of collisional-radiative recombination, see for example, L.
M. Biberman, V. S. VOrob'ev- and I. P. Yakubov, Usp. Fiz. Nauk 128, 233
(1979) (Sov. Phys. Usp. 22, 411 (1979)].

T. Fujimoto, I. Sugiyama, and K. Fukuda, Memoirs of Faculty of
Engineering, Kyoto University, 34-2, 249 (1972); S. Byrom, R. C. Stabler
and P, I. Bortz, Phys. Rev. Lett. 8, 376 (1962).

P. B. Armentrout, S. M. Tarr, A. Dori and R. S. Freund, J. Chem.. Phys.
75, 2786 (1981).

A. K. Kosoruchkina, Zh. Tekh. Fiz. 45, 1077 (1975) [Sov. Phys. Tech.
Phys. 20, 676 (1976)].

F. E. C, Culick, P, I. Shen, and W. S. Griffin, IEEE J. Quantum Electron.
QE-12, 566 (1976).

A. P. Napartovich, V. G. Naumov, V., M, Shashov, Dokl. Akad. Nauk SSSR
232, 570 (1977) (Sov. Phys. Dokl. 22, 35 (1977)].

J. L. Londer, L. P. Menahin, and K. N. Ulyanov, J. Physique C7, 29

(1979).




fre 2 H 3 i 15 oy 8 Aot s o TS
-

26.

27.

28.

29.

N
R
!
4

82

A. G. Engelhardt, A. V. Phelps and C. G. Risk, Phys. Rev. 135, Al566
(1964).

Yu. D. Oksyuk, Zh. Eksp. Teor. Fiz. 49, 1261 (1965) [Sov. Phys.-JETP 22,
873 (1966)].

A. P. Napartovich, V. G. Naumov, and V. M. Shashov, Fiz. Plazmy 5, 194
(1979) [Sov. J. Plasma Phys. 5, 111 (1979)].

S. A. Lawton and A. V. Phelps, J. Chem. Phys. 69, 1055 (1978).




Skt e S EG Y L e . Lo Gt 1 o s = i O S 00 A A s e st b0 -+ 3 R :
e T—_my DR 1 G 1 s ST L ks s iz - ~— = -

288
83

f 1018 | ]

:

t

- ) .

| ‘
3 ! o~ -19. _ |
3 F-h

=
- s

; &
) A

a

.! e =-20 a—

! SwApt .
3 {*~10N, SN
| [ EXCIT S (N !
B , \\

l ] | N

102
10 102 10° 10"

ELECTRON ENERGY (eV)

—

Ao o

Fig. 1. Total cross sections for electron collisions with Nj. The solid

curve {8 sum of the total cross sections for elastic, excitation and

ionization collisions as shown by the dashed curves.




T

R NTIE 5T Ve o e

84
xIO‘20
2.0 ] | ] )] |
® SHYN et al
® SRIVASTAVA et al
—-~1.5}+ —
@ Qf= 27 [ Py(cos8) I,(¢,8)singd6
N
£
EE; i.0
v
=i
D
[ =
n 0.5
L 1 | 1 1 \
0 /6 /3 T/2 2w/3 57/6 T

SCATTERING ANGLE (RADIANS)

Fig. 2. Weighted differential elastic scactering cross sections for 10 eV

electrons in Ny.

i b i R b Bl 51 Pt Ven P I S L B o ipad e
‘ i - TRy

g




- ajiiprccear gl R MR s b o A U St TS v T e T o R e e S e ey e e e e T . podals..
o nan i -

85

e Sy g SIS sl
.

o

o

~

POTENTIAL ENERGY (eV)

o

L ¢ ! o & o 1 o 1t v &t 3t
0.8 1.2 1.6 20 2.4 2 3.2

INTERNUCLEAR SEPARATION

3
°
A

Fig. 3. Potential energy curves for the oxygen molecule showing the X3Z§ and . 4

ala_ states of 0y and the X2, and 2Hu states of 05.

g g




: » v At il gy I i i bisaion . Y i i SN s e Py insd A O e NPTy

86 ;
' 'lm L L 3 LJ v v v
: .
'L, [
) i
1 |
[ )
t J
-
a
i -
i b |
B 3
3 Y |
2 " _‘
| :
|
|
’ ) |
' >
? 3 . ) ¢ ) : '
fLICTIReE CNERRY jov) )
)',

Fig. 4. Calculated dissociative attachment cross sections for various

vibrational states of 0,. From O'Malley.11

! i
.
A
.




87

1020
2
. %
z 10
S
| 3
2
| S
21072 -
=
= o
%o
1002 *co ~
1
1071 1 19 102

ELECTRON ENERGY (eV)

Fig. 5. Integrated dissociative attachment cross sections for various gases

of potential usefulness in diffuse discharge opening switches.
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Dissociative Recombination

and Multistep lonization
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Fig. 6. Representative multistep ionization problem. Top: Schematic of qd
energy levels of atom showing excitation, deexcitation, ionization

and collisfional recombination via the excited states and dissociative

recombination via the molecular ion. Bottom: schematic of relative

excited state populations given by model.
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Fig. 7. Collisional electron-ion recombination coefficients for electrons as

the third body agy and for atoms as the third body alj. Here m is

the principal quantum number of the lowest excited state of the

hydrogen~like atom used in the model of multistep ionizationm.
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ARCS vs DIFFUSE DISCHARGES
Alan Garscadden
AFWAL/P0OC-3
Aero Propulsion Laboratory/Energy Conversion Branch
Air Force Wright Aeronautical Laboratories
Wright-Patterson Air Force Base OH 45433

The purpose of these notes is to answer the question - why diffuse dis-
charge opening switches, that is, why use a diffuse discharge instead of an arc
discharge as an opening switch in the context of external optical - or electron
beam - control?

First of all, let's define terms. A diffuse discharge is defined as an
extended volume non-equilibrium discharge. If externally sustained, e.g. by
an electron beam, the ideal diffuse glow discharge has a positive current -
voltage characteristic. After sufficient voltage has been applied to estab-
1ish the electrode sheath conditions the slope of this characteristic depends
on the external ionization source. The discharge is in a non-equilibrium
state in that the "electron temperature"* > vibrational temperature > gas
temperature.

Arc discharges are of several types (Tables 1 & 2). The name has not
been applied consistently so that there are variations in the implied condi-
tions by different authors. However the arc discharge under most situations
will have a negative differential current-voltage characteristic. At low
pressures the electron gas is not in equiliibrium with the gas translational
energy and the term arc discharge seems to originate from the condition of

small cathode fall of potentia1(2. More modern usage restricts the use of

* Here "electron temperature“is defined in the generalized sense(]

Te (E/N) = g-u = 5 I u3/2f(u,E/N)du.

The vibrational temperature is defined in a similar manner where the distri-
bution function describes the population of the vibrational levels.




e e R A SO L L ’ e e e ot otmee oy o
T aa e RO L L .. L ol e o -

s 1 SO

92

arc to the condition that the discharge must have nearly equal electron and
heavy particle temperatures (Local Thermodynamic Equilibrium - LTE). We will
follow this latter definition.

A classic resource on arc physics is the chapter by Finkelnburg and
Maecker in the 1956 Handbuch der Physik 22. From a simplified electron kinetic
approach and energy conservation equation, they derive the relationship between
the electron temperature and the gas temperature shown in Table 3. When these
are applied to a high current argon arc, the results obtained are given in
Table 4. It is noted that the assumed condition of LTE in such an arc is
satisfied to within a few percent. The electron energy equilibration time is
very fast.

Arc discharges have been used as circuit intercepters for many years.(3
The principles that have been employed to cool and deionize the gas are

1) lengthening the column ’

2) gas blasts

3) surface deionization

4) high gas pressure or vacuum

5) fluid action

6) magnetic field blowout
These principles are used singly or in combination in circuit breakers.

Experimenters studying the glow discharge Co2 laser noticed that sub-
stantial impedance changes occurred during the change from lasing to non-
1asing(4. A favorite question was "does lasing heat up or cool the gas“(s.

For certain circuit conditions and gas flow it is possible to arrange that

the interruption of lasing will switch the discharge off.

4
¥
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The requirements for optical or electron beam control of an arc discharge
are conéiderably more demanding than for a glow discharge. It is in concept
possible to consider alteration of the discharge characteristic so that the
load-1ine of the ballast resistor no longer intercepts the discharge charac-
teristic. The perturbation required to achieve this would be substantial.

In the arc itself, current densities are estimated(s’7 to approach 103 amperes

cm'2 at an electric field of 10 kV ecm”! in hydrogen. The direct ionization

pump rate in this high current atmospheric arc is of the order of 1023 cm'3

sec'1(7. To have an external electron beam ionization source compete with

this rate would require e-beam fonization power of the order 105 watts cm'3
(for a molecular gas mixture similar to He-Nz-coz). This is a large value

to achieve for any extended duration. For switch-off of an arc it is not
sufficient to make an instantaneous perturbation as there is an energy reser-
voir at the same initial temperature comprised of the excited states and trans-
lational energy of the gas.

Collisions of the second kind are the coupling mechanism back to the
electrons. The gas thermal decay time is then thé time constant for decay
of the ionization. This is the reason for the use of the macroscopic methods
previously listed for arc interruption. The Kauffman criterion for stability
of an arc discharge also determines its operationa] point (Figure 1). This
indicates that the external ballast resistor R must be greater than the
differential negative resistance of the arc discharge for this perturbation
method to apply. The circuit resistance of the discharge is about the same

value, This typically means that the switch cannot be more than 50% efficient

even if an optical source or e-beam source can meet the perturbation power re-

quirements. It is noted that these considerations are derived from a pertur-
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bation of a steady-state condition. A full time dependent analysis for a
pulsed discharge needs to be developed. Thus, while arc discharges can be
used as circuit interrupters their disadvantages are the long time to
switch-off and also their lifetime which seems to be limited principally
(8

by electrode erosion. An excellent review of the vacuum arc switch is

the paper'(9

"The Interruption of Vacuum Arcs at High DC Voltages" by A. S.
Gilmour and D. L. Lockwood {State University of New York at Buffalo) in 1975.
Opto-galvanic effects with reasonable efficiencies can be found at lower
gas pressures.(n’12 dJd. Lawler(1° has made a detailed analysis of the laser
induced depletion of metastable atoms (helium, and more recently neon). It
appears that the switch efficiency comments apply to the low pressure glow
discharges also. While the current densities in individual tubés can be
quite large, the total current is usually limited to less than an ampere.
It is true that optical galvanic effects can be found with reasonable effi-

ciencies. Van den Hoek and Visser(11

determined that impedance changes per
unit absorbed power in a modest current arc in mercury were 1.6 X 10'5 ohms/
milliwatt (A = 577 nm, absorbed power = 20%) and in a sodium arc were 0.2 x
'IO'5 ohms/milliwatt (A = 568.8 nm, absorbed power > 95%). Here there is

also the requirement of achieving control of currents of sufficiently large
magnitude to be of interest. If one goes to larger fractional ionization, the
electron-electron interaction assumes control and the laser has to compete
with rather high electon impact rates that repopulate the perturbed levels.

If one tries to get around this by using many discharges in parallel, then
each discharge has to be very individually ballasted and the laser illumina-
tion has to be very carefullycontrolled to avoid runaway by one discharge.

I1f, for economic reasons the discharges use a common cold cathode, Eme'leus('I3

(Figs. 2 & 3) has demonstrated that such discharges in parallel require very
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exacting identical running and perturbing conditions.

(14 have shown

For arcs within the same vacuum chamber, Harry and Knight
that simultaneous operation from one power supply can be achieved if ballast
resistances are included at all electrodes. These resistances must have
values approximating the arc differential resistance. While this degrades
the switch efficiency in principle, in practice quite Tow values of ballast

resistance are found to be adequate. There does not seem to have been a

RN

serious attempt to exploit the astable nature of coupled arcs as a switching

device. One might gain the advantage by using the very rapid increase in i
impedance of one arc rather than having to concentrate on reducing the impe-
dance of the first arc. This comment neglects the eventual problem of cir-

cuit interruption after a pulse train of such relaxation oscillations. Even

in a Tow pressure arc the collisional relaxation times are quite short511’]2 ?

i,' The excitation and fonfzation time is estimated to be < 'IO'6 secs and the

thermal conduction time of the heavy particles is estimated as ~ 'Itl)'4 secs.
Thus to permit defonization and energy relaxation the perturbation should be
on for several times the longest time constant (even for these modest arcs
at a few amperes and tens of volts) to prevent the arc re-igniting.

In general, as recognized by Schoenbach et.a1S15

for optical control of
an opening switch to be effective, some method is needed whereby there is a
feedback by the discharge of a process initiated by the incoherent 1ight

source or laser, Thus, if the laser triggers dissociation producing an

ey

attaching species and the electron impact dissociation rate is an increasing

function of E/N such that the attachment rate at high E/N is greater than

the fonization rate, then the conductivity of the discharge decreases. It

has been suggested that an infra-red laser could be used to excite higher
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vibrational levels (V = 1, 2) of HC1 and that the markedly higher dissocfative

attachment cross-sections for these levels would produce lower conductivity.

We point out that the electron impact vibrational excitation of the V = 1 <
level is reasonably efficient at Tow electron energies and that the threshold ‘
for dissociative attachment decreases with the increase in vibrational level,

thus favoring lower energy electrons and Tow E/N to increase the attachment

rate rather than the increase in E/N anticipated at current interruption.

The distributed electron beam sustained d'lschar'ge(16

0'6 3 sec'. This requires an ioni-

typically uses an

- 10'? ionizations cm
3

ionization rate of 1
zation power of 10'1 - 'IO2 watts cm™”. These values are within cqntemporany
e-beam technology. The 1imitations on the e-beam power are mainly determined : !
by the maximum fofl heating permissible (Fig. 4). The e-beam energy is pre-
ferably greater than 150 kV. The e-beam energy 1nf;uences the aperture that
can be used in another way. There is a limitation to the total scaling of

the e-beam aperture and hence the switch current. This is the influence of
the intrinsic magnetic field of the plasma current on the energy and current- :
voltage characteristics of the externally sustained dischargeg17’18 The ]
effect is physically illustrated in Fig. 5. This leads to the relationship ;%
between the maximum aperture area and current density product as a function of i;
e-beam energy fllustrated in Fig. 6 (after Hsia et.al.(17). Note that the %
principal effect is on the beam electrons and that the effect on the plasma 1
electrons is small due to their low mobility (ueH/c << 1). This criterion (Fig. 6)

was developed for the optical homogeneity of visible lasers and it is probably

too severe. However, it {s indicative of the currents at which inhomogenei-
ties in a pulsed discharge are inherent and may, with other combined effects, 1

lead to arcing. Of course a compensating magnetic field can be applied,
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howeverf the switch is becoming more complex and the energy/maintenance costs
are significant even with state-of-the-art superconducting fields.

The e-beam sustained discharge can be made reasonably homogeneous below
this total current value, provided that the introduction of electrophilic

species does not cause the attachment instab111ty(16

and the frequently
associated glow-to-arc transition.

The electron beam controlled switch scales easier in voltages than in
current because at higher current densities the recombination losses become
significant. It is advantageous to use a gas or gas mixture with a high drift
velocity at low E/N. One way to achieve this is to use a gas with a Ramsauer
minimum in the momentum transfer cross-section (actually, the requirement is
a steeply increasing momentum transfer cross-section with increasing electron
energy, but one usually implies the other) and an f;elastic loss process at
low electron energy. Thus gas mixtures such as Nz-Ar qualify or a single
gas such as CH4 has the desired properties. Such an e-beam switch does work
at Tow switch currents (P. Bletzinger, these proceedings), however in order
to satisfy the switch-off time constant requirements, it is usually necessary
to add an attaching gas. This adds losses to the on-condition and may compli-
cate the plasma chemistry, especially for high repetition rate operation.
Operation of such switches at currents competitive to thyratron capabilities
has yet to be demonstrated. The addition of optical control to an e-beam
controlled discharge is quite speculative. One can envisage additional
vibrational excitation via lasers, however, besides requiring large laser
powers, it has to compete with the vibrational-rotational excitation due to

electron collisions. Again, if there are excitation thresholds at higher

energies that would be accessible to laser control, then it might be possible

[OPIPURPY IV S W

'
!




L i S L iR o e . ) - o o e Ty SR, ol AR

98

to u.se the laser as a trigger and let the increasing E/N act as a built-
in feedback to increase the attachment rate without increasing the
discharge ionization rate. Stable appropriate molecules or compounds
have not yet been identified and tested. The use of photochemistry or
electron impact dissociation to produce macroscopic changes affecting
the electron conductivity has not yet been demonstrated. For instance,
a very speculative suggestion is to use a compound such as SiH4 as a
component. It is analogous to CH4 and has a very high electron drift
velocity. Under intense discharge conditions, it dissociates rapidly
and much deposits out as a thin fﬂm]g. The discharge conductivity is
predicted to decrease by about a factor of eight for these conditioms.
There are difficuliies with this approach as the amount of gas required
is approximately proportional to the current transfer. However
discharges under conditions where there is essentially a change of phase
seem to offer the potential for the desired macroscopic changes in
electronic conductivity within reasonable volumes, and are an attractive

basic research area that is relatively unexplored. (see Fig. 7)
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E-BEAM EXPERIMENTS |
INTERPRETATIONS AND EXTRAPOLATIONS |

P. Bletzinger
AFWAL Propulsion Laboratory
Abstract

A short summary of the theory of externally ionized plasmas using the

continuity equation is given and the limitations of some simplifications are

Ll
il il hiniihinltibeh s

noted. A comparison of previous experiments is made. Experimental results

using methane as the discharge gas are presented in the form of I-V curves,
cathode fall voltages and some temporal waveforms for pulsed discharges.

The discharge decay is used to derive effectivé recombination and attachment
rates and this information is used to compute theoretical I-V curves for
comparison with the experimental results. Also, the experimental results
are extrapolated to higher current densities. In an appendix, calculations :]

of the I-V curves with consideration of the cathode sheath effects are com-

pared with the experiments and the influence of secondary emission and

tonization using metastables is demonstrated.

b 1 NOTE: Portions of this material have been submitted for publication
L { elsewhere.
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INTROOUCTION

Initfal experiments with a small (5 x 15 cm aperture, 1.5 mA/cm2 max.
pulsed beam current after the foil) E~beam ionized discharge system have been
reported at the previous ARO workshop. In these measurements, the discharge
characteristics in argon were shown to be strongly influenced by additionatl
ionization in the cathode sheath, resulting in a much lower discharge voltage
drop and higher conductivity than expected from consideration of the argon
drift velocity alone. Unfortunately, argon has a very low breakdown strength
for post-discharge arcs (600 V/cm in pure argon in our experiment). The ex-
periments to be reported here were performed in methane, which is known to
have a very high drift velocity in the range of reduced electric fields (E/N)
of interest for an E-beam controlled switch. As will be shown, methane dis-
charges also have increased conductivity due to cathode sheath effects, al-
though to a Tesser degree than argon. Methane's breakdown strength, avoiding
post-arcs, was much higher (5KV/cm). Also, due to an unexpected high re-
combination rate and small attachment rate, the discharge decay (switch-off
time) was less than 3-10'5 sec. Since the E-beam fonized discharge is to be
used as a switch element, it is best described by its I-V characteristic and
several examples will be shown.

It is felt necessary to first define the discharge by one-dimensional con-
tinuity equations and show the approximations which can be made as well as the
implications of these approximations. A comparison of published E-beam ex-
periments will be made. The experimental results with our low-current E-gun

will be discussed next and a comparison with theory follows. In conclusion,

extrapolations of the low current results to higher E-beam and discharge

currents will be made.

ST R PG N AR
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The E-beam ionized discharge is best described by one-dimensional con-
tinuity equations and, if space charge is to be considered, by Poisson's

equation. Following (1) we can write for the electron density L i

an 3j
e . e
'35"5+"ea I""“"e"+"ﬁ (1) !

! cm'3) which can be

where S is the source function (ion-electron pairs sec”
obtained for the E-beam parameters from the well-known tables of Berger and
Seltzer (2), a is Townsend's first ionization coefficient, w the electron

drift velocity, a the recombination coefficient, n_ is the ion density, Je

the electron current densfty (in number of electrons per cn? per sec) and is
f defined as
!
'>: ang
Je=mgw-D—5 (2)

where D is the electron diffusion coefficient. If attachment is to be in-
cluded, then the ionization coefficient can be replaced by a net ionization
coefficient which includes the losses by attachment., If we now restrict

3J
ourselves to a homogeneous discharge (-3§ = 0) and assume n_ = n_, then

e
dn ]
-a% =S+n,aw- cm2 (3)
1 Equivalent continuity equations can be written for the ions; for the dis-
charge current, the contribution of the ion current is usually neglected

because of the much lower ion mobility; therefore the discharge current

density is simply

JD =Ny . W (4)
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dn
For I-V characteristics the steady-state value of Ne (_E% = 0) can be obtained

from eqn. 3, and since for the switch-discharge case the applied electric field
is much below the self-breakdown threshold, the ionization term in eqn. 3 can
also be set to zero. With no attachment, we then obtain for the electron

density

n, = { S (s)
e a
which, with (4) and the equation for S gives us the ratio of discharge current

density to E-beam current density, or the switch gain

~
/B ~ — - (6
> )

dn
If attachment is included, we obtain from the modified eqn. (3) (and -a%-- 0)

2
S . B 172
n = (—-l- ) -B (7)
e a 4.0 3 '

where B is the attachment frequency (sec'1). If attachment dominates, then
ng = S/8 (8)

Note that in this case the switch gain is constant,

While these approximations have very much simplified the equation for the
discharge current density, they are still very useful since they now allow a
first order estimate of the influence of the functional variation of the
materials parameters a, W and also 8 with the reduced electric field E/N on
the I-V characteristics, as has been done by L. Kiine (3). As will be shown
later, for low E-beam currents and especially for certain gases like argon,

the simplified equation (2) is no longer valid and boundary effects will cause

noticeable deviations from characteristics derived from the simple theory.
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In general, however, the above equations can be used to derive scaling para-
meters and to interpret reported experimental results. Table I gives a

summary of some of the relevant experiments

TABLE I
. : SHITCH *
Y NOTES GAS Ja/es | Jswiven | earw reres T | s
1
] Kovalchuk §| E-Seam 0, |t1swmal| mval | (20000 [detay m"jo" WA | 700xy
! Mesyats Intttated | 1-16 Ate | 100-3s0KY | max agb.10%% A
&N 91 Patent (1)
| Kovalchok & n | oenel | swea? | e-t00 | detay 23007 |r0-6a10% | 17ser
Hesyats 1-3.6 Ata 1076307
1976 .
) 2 2 . -7 7
Hunter Patant cH, snamd | Znad |~ a0 a0 |sony .
1976 (1977 1 Ata 250Ky
!
i mionald et.al, | E-Semm Mo My Ar, | 10 Aee? | 1632 | (29) detay S2ns nA | sook
: Texas Tech, | Inittated | N, o SFg | 1s-2800v | xwsea? 2.5-3.10"°
* 1980 153 At
r
2 2 -5 -6
L. Kline Theory | CH,(8 other) | S mA/ca’ | 2.5 Aea? [s001000 | @10 >1.10° | 1o0ny
Wastinghouse 1=3 Atm
1980
Sletzinger | Pulsed 8 CH [Ny, Ar, Oy | T.5aa/cn® |15 A/cn® | 0004 11078 aed e
1 APUAL § Attachers MAX MAX MAX
F 1980-81 1 Atw 175K
1

EB: E-beam voltage
TRt Risetime of discharge pulse
Tt Falltime of discharge pulse
Es“: Switched discharge voltage
Koval'chuk & Mesyats (1971)(4) and McDonald et.al.(s)(IQBO) refer to experi-

ments with electron beam triggered sparkgaps and are listed for comparison

only.
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(6)

As can be seen from the table, the early experiments of Koval'chuk & Mesyats

(7)

and of Hunter used large E-beam current densities, resulting in low gain
(eqn. 6). Also their guns; derived from laser experiments, were cold cathode
types requiring the full E-beam voltage to be switched and therefore resulting
in even lower power gain. On the other hand, they achieved very fast risetimes
and could afford to work with added attaching gases (impurities) which resulted

(7)

in fast fall times. Hunter recognized the importance of having a gas with
a high electron drift velocity and therefore chose methane. As can be seen
from Fig, 1, methane has an electron drift velocity peaking at more than

107 em/sec. at about 3

Townsend. In actual 107

switch devices the re-
w

(cm/sec)

duced electric field may
be somewhat lower and
there the addition of _
argon will slightly in- 108
crease W over the

value in methane

alone (8).

As reported at last

) .
year's ARO workshop, we l00,[ |

have used a small 5x15

cm aperture E-beam with FIG. 1 Electron Drift velocity vs reduced
electric field for l:nitrogen, 2:nitro-
gen/argon, 3:methane, 4:methane/argon
80:10%, S:methane/argon 50:50%

maximum peak current (1-3 from ref (3), 4 and 5 from ref (7))

energy of 175 KeV and

density of 1.5 mA/cm2 to test E-beam ionized discharges at low jB. At very low

100
E/N (Td)

g e e e
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(CW) E-beam currents and constant current load (RL-\w), the very nonlinear
characteristic of these discharges becomes apparent (Fig. 2).

As shown for the

1.0r
right hand argon 0 Ar i /‘ﬁAIcmz
curve, the charac- . IArINz I N2 // ' 2-
teristic starts out 8t I I g
I l / 10-
with a very low con- [ // //
ductivity and at a ?,-5' I / // 8-
1 =3 g
certain electric 5 | | / /
sd || /[ 6-
field switches over o4t / /
o .
to a very high con- ?; ; ‘\~\\\ // 4
ductivity (impedance @& ,| j’L\\\
g ! ,/’// ™~ 2
10-20 Ohm for argon). | ya >
Comparing conducti- 4§Z=é=’7 —_ - ) ,
vities of the various 0 5 ', 15 2 25 3 35 kv
: Discharge Voltage
gases (including
FIG. 2 1I-V characteristics at very low (CW current den-
methane, Fig. 3) 51t1§5 jB for_ghese cugves (1eft5to r1ght,5
A/cm”) .7.10 8.107°, 2.8.1077, 2.8.107

one finds that there 9511056, A11 qases at 780-Tarr.
is no correlation between

the conductivity and the drift velocities of these gases in the high conduc-
tivity range of the characteristics. In this operating range, ionization in
the cathode sheath has a larger influence than ionization by the E-beam. The
non-monotonic I-V characteristic has been predicted theoretically by Velikhov -
et.al. (9), Zakharov et.al. (10) and, in a more consistent manner covering

a wider range of discharge parameters by Lowke and Davies (1). Also it has

been observed experimentally by Averin et.al, in nitrogen (11). As the

LI
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FIG. 3 ¥
I-V characteristics for A
methane (pulsed) R load = * )
i 400 Ohm, 760 Torr. ‘ | 115 :
| ; -
10} 5
= i1
] 0.3 |
5 : 0075 1
O Is ' 1
§ (mA/cm?)
o
£
’ (3]
2 5t
a p
4.05
1
0 e o e : N 0
0 .5 | 1.5 2 kV
Discharge Voltage
i i {
A jAlcm2
120t JI.S
[P 2
IB 1.3mA/cm s
- 100} ]
§ i - 41.2
I-V charac- : — 760 Torr N ‘
teristics o i - — 200 Torr i ;
1("or metf)iane E 60 r 8 . i'
ulsed ;
R Toad = 40 @ 3mA/em? 16 ;
Ohm at Q 40f ] '
different i A ;
pressures '075'"“‘:_’22/ — )
20 'T 2
0 0

0 | 2 3 4 5 6
Discharge Voltage (kV)
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E-beam and discharge current densities are increased using pulsed operation

and lower load resistances (Fig. 4), a third regime of the I-V characteristic
is observed, where eqn. 5 becomes valid. In Fig. 4 we see that at reduced
pressure at lower currents (in the high conductivity regime) the higher E/N
causes higher conductivity while at the higher currents, where the cathode
sheath effects no longer dominate, the lower source function reduces the con-
ductivity. For efficient operation of a switch, one would however try to
operate at the highest current density which is still in the high conductivity-
low voltage drop regime and therefore still make use of cathode sheath effects.
The dual role of argon when added to methane is illustrated in Fig. 5. In

the high con-

F .
ductivity range A “J Alcm?2
it increases 120¢

ity d
conductivity due 100t

to its high

[ 1]
(=)

fonization effi-
ciency and in

the third regime

Discharge Current
o
o

by increasing

the effective

20¢
electron drift
velocity of the 0 ! : . N 0
, 0 I 2 3 4 S 6
mixture in the Discharge Voltage (kV)
E/N range used
FIG. 5 a: Methane 760 Torr
(See Fig 1.). b: Methane + 60 Torr of Argon, 760 Torr total

c: Methane + 250 Torr of Argon, 760 Torr total




At the high percentages of argon, however, the threshold voltage for post-
discharge arcs is lowered. When adding an attaching gas, the conductivity is
lowered, as expected (Fig. 6). According to M. A. Biondi (comment at the

ARO workshop), the strong effect of water vapor observed could also be caused
by a large increase in the recombination coefficient due to the formation of
large cluster

ions. The 140
A

fall time of 120

the discharge

o
o

current pulse

after E~-beam

[ -
o

switch-off

was decreased

Discharge Current
[<2]
o

only with
40
relatively
large amounts 20
(10 Torr) of
0 :
water vapor 0 i 2 3 4 5 6

Discharge Voltage (kV)
added. 9 S

Fig. 6 a: Methane 760 Torr
b: Methane + 1 Torr H,0, 760 Torr total
¢: Methane + 10 Torr ﬁzo, 760 Torr total
Another characteristic important for the understanding of discharges is
the distribution of the electric field between the electrodes. In particular
the voltage drop across the positive column and across the cathode fall are

of interest. When changing the position of the movable cathode the linear

voltage drop across the positive column can be measured, the extrapolation to
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zero electrode distance results in a voltage offset which corresponds to the .

cathode fall.
each distance was held to the
same value, then the E/N value
also would be the same for each
measurement, Fig. 7 shows the
cathode fall voltages measured
for argon and methane. Note
that the cathode fall voltages
for each gas are a strong func-
tion of E-beam current and have
a weaker dependence on discharge
currents. In all gases the
cathode fall voltages were much
larger than the voltage drops
per cm in the discharge volume,
therefore except for very long
discharge paths the cathode
fall voltages will represent a
major portion of the total dis-

charge voltage. Cathode fall

For these measurements it was assumed that if the current at

| )
800+t 760 Torr
*ia=340"
) )
° CH .
Z 600} % "
o 200 Torr P -
g jg=3107 -
S — <760 Torr -
-~ 75-10-4
= 400f _ —
hd 200 Torr
P jB-l.3'l0‘3
o
£
-]
o 200+
’_X;.,-—J
?60 Torr -4
ig=7510
0 2 4 6 8

ip (Alem2)

Fig. 7 Cathode fall voltages in methane

and apgon as a function of jD’jB
(A/cm ? parameter,

voltages in nitrogen were considerably higher and ranged from 1.1kV for a jb =

7.5.10"% A/em? to 2kV at 3y = 3.10°% A/cm?, both at j J" .2A/cn®. The reduced

electric field in the positive column for argon and methane are shown in Fig.

8 where the E/N values for argon were only in the range of .005 to .023 Td.

For nitrogen E/N was measured to be 1.3 and 1.7 Td for the values of jb and jd

1isted above.
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6 .
E/IN
(td) |
5 L
CH['
ZOOTorr_4
4+ j8s3' 10
3 -
2 - CHg,
200 Torr 3
j=1310
| " p3l3l0—
' — ~ CH,
- 760 Torr
—— j8=7.5-l0"'
__Ar . . ,
0o 2 4 .6 .8
ip (Alem2)

FIG. 8 Reduced electric field in methane
and argon d1§charge as function of
Ip I (A/em®) parameter
Temporal characteristics for methane are shown in Figs. 9a and b. As
predicted by theory (12) the risetime is a function of the E-beam current
until at the largest currents it is limited by the risetime of the E-beam
pulse (" 1 psec). The fall time shows a typical recombination dominated be-
havior and 1s independent to first order from E-beam current. High frequency

oscillations may be caused efther by the negative slope in the methane drift

velocity, although this would be expected to occur at higher E/N, or by

cathode sheath effects. A careful analysis of the decay of the discharge

i b i dae . e
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Fig. 9a

Discharge Current in
Methane (760 Torr)
(5 usec/div. hori-
zontal, 10 A/div.
vertical) E-beam
currentcdensities,
7.5.1Q s 1.5.1Q .
3.1007, 7.5.107" A/cm

Fig. 9b

Discharge Voltage in
Methane (760 Torr)
(5 usec/division
horizontal, 1 Kv/
divisfon vertical,
zero voltage at top
of picture). E-beam
current densities
same as Fig. 9a.

2

miaid idh




current (Fig. 10) allows us to obtain values for the recombination and attach-

ment coefficients.
factor of 10 and a small, E/N
independent attachment coeffi-
cient was added, a very good
fit of the experimental data
was achieved (Curve a). The
effect of using the original
recombination data (Curve c)
or no attachment (Curve b) is
also shown. A less satisfac-
tory fit was obtained by using
an E/N independent recombina-
tion rate of 8.3.1075 cm/sec
and an attachment frequency
of 1.8.10° sec'1.(])

Using the modified recom-
bination coefficients and the
original electron drift velo-
city data from (3), a compari-
son between theoretical and
measured I-V curves was made
(Fig. 11).

The source terms

of the theoretical curves

When the recombination data of (3) were increased by a

'\.\ —a
oofl \ .

o o
» o

Amplitude (Arbitrary Units)
o
N

\_ + Experiment

X -~
\. —
\_ -
- ] Fy rs +
0 5 5 5
0 10 2°10 3107 sec

Time

Fig. 10 Comparison of measured decay and
computed decay in methane.

a: Recombination data x 10, E/N
independent agfachmg?t fre-
quency 3.7.10 ° sec .

b: Recombination data x 10, attach-
ment frequency = 0.

¢: Original recombinationidata, 5
attg?hment frequency = 1.4.10
sec

1) The much larger recombination rate observed could be caused by the appear-
ance of larger molecules at the higher pressures used here in contrast to the
low pressures generally used for the measurement of recombination coefficients.
(Comment by M. A. Biondi at the ARO workshop).
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were adjusted for best Al l.82
€Ml — —Experiment -]
match between theore- 1.6} _ —_——
Theory - = —
tical and experimental 1.4}
characteristics. The E?
@12
theoretical values ég
- 1.0}
for S are equal to c 0
o =23-1017
the experimental ones 5 -8} S-Z..?:O’_ —_——
o - - )
within experimental v 6} )
i < $=26-1017
limits. The values P
| a T
| for the cathode fall a
~ 2F i
: were taken from the '
7 ,
O 2 - '] Il 2 ‘
measurements 1n 0 I . 2 3 4 5 6 ‘
; Fig. 7. The differ- Discharge Voltage (kv) -3
‘ ence between theore- Fig. 11 Comparison of I-V curves, 760 Torr !
u methane.
k. tical and experimen- S: Source term (electron-ion pairs

=1 =3
tal curves at low sec” cm ).

discharge voltages is due to the neglect of the cathode sheath effects in the
theoretical model. Also at the higher discharge voltages, the negative differ-
ential conductivity, caused in the theoretical model by the decrease in drift
velocity between 3 and 30 Townsends, is not observed. Expected instabilities
are also not observed in this region.

Assuming a recombination dominated discharge, the experimental I-V curves
can be extrapolated to higher E-beam and discharge current densities (Fig. 12a),

indicating that discharge current densities of 10 A/cm2 are feasible using

50 mA/cm2 E-beam current densities. Fig. 12b indicates a gain of 200 for these

conditions.
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| Fig. 12a

Extrapolation of
discharge current
densities in 760
‘ Torr Methane and
! Methane + 60 Torr
: of argon assuming
recombination
dominated dis-
charge. Discharge
voltage 2 KV,
Crosses indicate

o

Discharge Current Density
»H

experimental 2 .
points for pure i
methane. :
o ’ i 2 __ .l
0 ot 02 .03 04 Alem2
" E-Beam Current Density '
&
1
Fig. 12b ]

Extrapolation of
current gain for
Methane and
Methane plus
argon. Crosses
indicate experi-
mental points

for pure Methane.

Current Gain jDIiB

1 0 .0l 02 . .03 04 Ajem2
: E-Beam Current Density
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Finally, the effect of attachment (which can, of course, be varied by

addition of an attaching gas such as SFB) on the electron density will be

considered. Fig. 13 is a plot of eqn. 7 for various recombination rates and

attachment frequencies.
Since the discharge decay
of a recombination dominated
plasma is probably too slow
for a practical off-switch
(Fig. 9), an attaching gas
will have to be added,
which of course will reduce
the plasma conductivity
during the “on" phase.
However, it can be argued
that a large enough E-beam
current density will reduce
the effect of attachment
(see Fig. 13; at higher
source strengths the

curves with attachment
merge with the curves

where B8 = 0) As a prac-
tical example for methane,
assuming a = 1.10°7 and

g = 1.106 - only about one

10

Ne

i9
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13

Cema—3 ) pr /

Alpha=1E-7 4

Ripha=1E-8

(Beta)

1E8

1 A - ' A |

1914 115 1@13 1817 1018 lals
S (Electron/Ion Pairs cm~-3,sec~-1)

Fig. 13 Electron density as function
of the source term S with re-
combination/coefficient (Alpha)
and attachment frequency (Beta)
as parameter.

order of magnitude larger than the mcasured value - at S = 1020 electron ion

pairs per sec, the attachment still reduces the electron density by 14%.




i 129

Since this source strength corresponds to an E-beam current density of .13A/cm
(after the foil), it is clear that rather large E-beam currents will be nec-

essary to overcome the effects of attachment. Alternate schemes, such as

(13)

] variable or externally controlled attachment rates would bring consid-

erable advantages.

2
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APPENDIX

Calculation of I-V characteristics using the approach by Lowke and

Davies, including secondary emission from the cathode and ionization via

metastable states.
Technology, Dec. 1981)

The following data is ex-
tracted from the thesis quoted and
is added to show how features of the
measured I-V characteristics can be
explained with these theoretical
calculations of the effect of the
additional fonization in the
cathode sheath.

These calculations are exten-
sions of the ones performed by
Lowke and Davies (1). In particu-
lar, they have been extended to
higher discharge currents, higher
E-beam currents and now also in-
clude effects of secondary emission
from the cathode by ion bombardment
and increased ionization due to the
presence of metastable states.

The calculations consist of numer-

ical solutions of eqn. (1) and the

(M.S. Thesis, Marc R, Hallada, Air Force Institute of

J, wA/caf

Fig. Al

I-v Characteristics-Calculated
for an Argon Discharge (760
Torr, vy =.02, d - .3 cm, no
metastable jonization)

(y: secondary emission coefficient)

Poisson equation, the electron current density being expressed by egn. (2).
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The calculations
result in a descrip- 20

tion of the electric

15

field, electron and

s z.::‘: T r 1088
ion densities and I iy

i

3 ]
potential across § éf

5 '

[+ l,

the discharge length

giving one data-

3.6 x 1014

Voltage, volts

1600 . 2000

point of the I-V
curve for a parti-
cular electron beam
current, pressure and gas species,
The calculated curves of Fig. Al
show the non-linear behavior of the
experimental curves of Fig. 2. As
already pointed out in (9) and

(10), the negative portion of the
characteristic is unstable. As

the E-beam current density is

being increased, the influence of
the cathode sheath decreases. The
enlarged portion (Fig. A2) shows
that the experimental character-

istics have a much steeper slope

and lower voltage drop for compara-

ble source functions, at least for

argon. The agreement is much

ji

Fig. A2 I-V Characteristics-Calculated for an Argon
Discharge (expansion of low current and volt-

age region of Fig. Al.)

3 1
{
o
]
1 §
! {
P
=== Ixperineats —=| P
1301 $ = 1.027 x 10”* !
$e2.352x m"‘ 1
L——b—/',
[}
" { == Calculatioas _
H ! $ = 1.027 % 10
f | s « 2.352 x 10V
¢ f
!
100 [}
F‘! ;
1 ]
3 i
3 3
s i
j |
H
3 . JT
\
)
0——0 -
. 1.0 1.5

Yoltage, kV

Fig. A3 I-V Characteristics-Experimental
and Calculated for a Methane Dis-

charge (760 Torr, vy = ,02, d - 2.2 cm)

8
i




better for methane (Fig. A3). The

agreement can be improved by including

A4 b Al

secondary emission (Fig. A4) which in-

4 s 2 satssl

creases the slope of the I-V curve in
the high conductivity regime. The

effective ionization cross sections for

10

L2 aassnid

argon will be increased and the ioniza-

Current Density - mfi/cm2

tion threshold will be lowered if two

step ionization via metastables is being - ' ] Lclo, ;
oltage -

considered. Using calculated effective

Fig. A4 Calculated I-V Characteris-
jonization cross sections for argon, tics for Three Secondary

Emission Coefficients {érgon,
the new characteristic has a much 240 Torr, S = 3,6 x 10'°)

Tower voltage drop (Fig. A5). Inclu-

ding both corrections, the theoretical
characteristics then can be matched

both in slope and in voltage drop to Calculations (5 = 3.6 x 1016

%o wstastables

the experimental characteristics. With matastad

Fig. AS

I-V Characteristics-Experimental
and Calculated for an Argon
Discharge (same parameters as
Fig. A1, but with metastable
ionization)

Current Daneity, -Alenz
8

8

xpariment (5 = 2.82 x 101%)

2
Voltage, kV
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OPTICAL CONTROL OF DIFFUSE

DISCHARGE OPENING SWITCHES*

) K. H. Schoenbach, G. Schaefer, M. Kristiansen, L. L. Hatfield
s Texas Tech University, Lubbock, Texas 79409 Usa

! A. H. Guenther

- Air Force Weapons Laboratory

a Kirtland Air Force Base, New Mexico 87117 usa
b

Diffuse discharge opening switches seem to be prime can-

didates for repetitively operated (> 103

pps), fast, opening
devices (71 <1 us) in inductive storage systems. The switch

performance is mainly determined by the type of gas fill. In

order to achieve fast opening of the switch, attachers are to
be used at a partial pressure which makes the switch attach-
ment dominated during the opening phase. On the other hand,
additives of attachers increase the power losses .during conduc-
tion. Both low forward voltage drop and fast opening can only
be obtained by choosing gases or gas mixtures which satisfy the

following conditions:

a) for low E/N values (conduction phase) the gas mixture
should have a high drift velocity and low attachment
rate coefficients

b) for high E/N values (opening phase) the gas mixture

should have lower drift velocities and high attach-

1: ment rate coefficients.

o

*Supported By Air Force Office of Scientific Research
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Gas mixtures with the desired behavior can be found among
mixtures of Ar and CF4 l. Gas mixtures which at least satisfy
the attachment conditions contain attachers with a maximum
of the attachment cross-section at electron energies of 1 to
2 eV. An example for such an attacher is N,0. Ficure 1
shows the electron decay rate constant for Nzo in 350 Torr
N, as buffergasz. The decay rate has a low value at E/N below

5_id and is increasing by at least one order of magnitude

between 5 and 30 Td.

Figure 1. 3‘ T T T T T 1
Decay Rate Constant of '%5 | o
the Electron Conduction 2 N0 )
Current in NO in an Atmo- Zar -
sphere of 350 Torr of N, z ©
at various E/N. %3 -

é B o

o]

1} -

g

2o 1L © ¢ 1 ] L1 1

0 2 4 & 8 10 12 14 18
en 1077V em?d)

The requirements for the gas mixture used in a fast,
low loss diffuse discharge opening switch do not depend on
the type of sustainment of the discharge. They hold for e~
beam as well as for optically controlled discharges. What
liser control makes attractive for diffuse discharge opening
switches is:

a) the variety of possible resonant electron production

and depletion mechanisms
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b) the fact that the control system can be separated
1 physically from the switch

¢) the ease by which laser beams can be manipulated

(shape, rise and fall time, power density).

Soahiie Lo

Concepts for using lasers for electron production (i.e.

for sustainment of diffuse discharges) are shown in Fig. 2.

The opening process after turn-off of the laser in each case

e e e e

is determined by attaching processes of an added attacher

that satisfies the conditions mentioned earlier.

A. Optically Enhanced Electron Density

The simplest conceptual way to generate electrons
optically in a gas is single step photo-ionization from the
ground state. However, considering that available lasers pro-
duce photons only up to energies of 7 eV efficiently, only
certain gases like alkali vapors are suitable for direct
ionization3. Alkali vapors on the other hand react very
aggressively with most attachers. A better way to generate
electron-ion pairs seems to be resonant two-step photo-ioniza-
tion by means of UV-laser radiation. In organic gases, like
Dimethyaniline, Fluorobenzene, or Tripropylamine, resonant

two-step processes can produce4'5

of up to some 1013 ™3

for visible lights. Two-step ionization in atoms is resonant

electrons with densities

. With Cs2 a maximum yield was achieved

for the first step while for the second step also a flashlamp

might be used3.

o ey amseeibrl L L
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Tunable, visible lasers offer a wider variety of ioniza-
tion mechanisms, which, however, have to be collisionally
assisted. A self sustained discharge has to be ignited to

& provide either collisional ionization from an optically

excited state7 or collisional excitation and successive one

or two-step photo ionizationg'll. The laser serves to change ]

the conductivity of the diffuse discharge from a low level

o g e e

to a higher level and thereby closes the switch for a certain
time, the conduction time. After laser turn-off the initial
state of low conductivity is approached on time scales
determined by the loss processes in the gas.

Two-step photoionization from a collisionally excited
state was considered in more detail for a gas system consist-
ing of N, as buffer gas, NO as gas which is photoionized » 4
and an attacher with the desired attachment propertieslz. 4
Pertinent transitions in such a system are shown in Fig. 3.
Resonant two-step photo ionization from the NO A-state through
the NO E-state provides for conduction electrons. The NO
A-state is collisionally excited via the metastable N2 state
which is highly populated and serves as a reservoir for the
two-step photoionization in NO. Once the laser is turned
off, the ionization process is interrupted and the electrons

are removed by the attaching gas. Although a molecular system

has the disadvantage that according the additional vibrational

and rotational states the absorption cross-section is low, the

F i EZZ+*AZZ+ system in NO has the advantage of having nearly the

same molecular constants for both electronic statesl3
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Fig. 2 Optically Controlled Electron Generation
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ki Fig. 3  Energy Level Diagram for the N,~NO System
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Instead of molecular gases like NO, atomic gases can be

used for two-step photoionization from a collisionally ex-

14,15

cited state. Advantages of atomic system like Hg (Fig. 4)

are the higher absorption cross-section and a reduction in
complexity, which makes it easier to predict the behavior in
diffuse discharge systems. Two possible ways for two-step

ionization are sketched in the energy diagram of Hg; one from

the resonant 63P1 state and a second one from the metastable

63P° state. The density of these states very much depends

on the discharge conditions. For the metastable state 63Po

the density can be higher than 50% of the gas density.
A similar concept is based on optical detachment by means
of laser radiation. In this case an attacher with a noticable

attachment rate also for the conduction phase (low E/N) is

used. In the conduction phase the attachment is then compen- A

sated by photodetachment.

B. Opticallv Decreased Electron Density

A second way to use lasers to control diffuse discharges
is optical stimulation of electron loss processes. In con-
trast to the considerations discussed so far, the laser is
used now to induce and control processes which lead to a

reduction of conductivity, an effect which is used in the f;

opening phase of the diffuse discharge. |
In systems where the electron production is determined

by collisional ionization via a metastable state the ioniza-

, tion rate can be reduced by optically depopulating the meta-
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i w stable level. A laser is used to populate a higher state
which is optically connected to the ground state 15-18. The

density of atoms in the metastable state, which serves as
reservoir for collisional ionization, is then reduced and
so is the total ionization rate. !

Another method to reduce the electron density and hence ]
the conductivity by means of a laser is given by optical
decomposition of molecules. The objective is to produce
fragments, radicals or ions, where at least one of them
has a higher attachment cross-section than the original mole-
cule.

A third method to stimulate loss processes optically is
based on photoenhanced attachment by excitation of molecules.
Certain attachers as, for instance, HCL. have a higher attach-
ment cross-section in their rotational and/or vibrational
excited states. The mechanism can be understood by consider-
ing the potential energy curves of an attacher and its ion.
In Pig. 5 a general type of dissociative electron attachment

process is illustrated. The potential energy curve of a

neutral diatomic molecule AB is crossed at an energy E:'above
the ground state by a repulsive branch of the negative ion
AB~. The probability of electron attachment and succeeding
dissociation is depending on the energetic state of the
vibrationally excited molecule relative to the curve cross-

ing. For the example shown the attachment cross-section

increases with vibrational excitation up to v = 4. On the
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other hand the electron energy necessary to form the negative
ion AB” shifts to smaller values if the molecule AB is
excited into a state closer to the curve crossing.

Figure 6 shows attachment cross-sections for the ground
state and the first two vibrationally excited states of HC% 19

demonstrating both the strong increase in attachment cross-

lo"‘
HCI (v=2)
o 16-'6 .
T0OTr HCI (v=1)
e
5]
e HCI (v=0)
a -
Figo 6 3 lo“. L ’/" -
Dissociative Attachment /7
Cross Sections for P j
Vibrationally Excited ) /
HC1 Molecules 'lClz (v=0)
|°.2° I i ' L. ' I S )
0 | 2

Electron energy (eV)

section and the related shift of the attachment peak towards
lower electron energies. The results shown in this figure are
based on attachment cross-section measurements for different
temperatures in HCIL.ZO More detailed calculations yielding

cross-sections for different vibrationally and rotationally

excited states of HCL{ have recently been performed 21 By

’
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means of an IR-laser it should be possible to excite vibra-
tional states selectively, thus increasing the attachment
cross-section in a controlled way. Photoexcitation in com-
petition with collisional excitation may be effective if the
curve crossing is several kTe above the ground stgFe at a
internuclear distance R > Ro' For a curve crossing at R 5 Ro
vibrational excitation will only cause a small increase of

the attachment cross-section as has been shown22 for I,.

HCZ seems to be the molecule where most data are avail-
able, but due to its attachment cross-section peaking at low
energies (Ee < 1l evV), it is not the best choice for a gas
suitable for opening switch operation. A way to select gases
for the special purpose of using them as triggerabl: attachers
in diffuse opening switches is to look at first for gases
with molecular structures which promise strong absorption in
spectral regions where efficient IR-lasers (for example co,
lasers) are available. Figure 7 shows groups of gases with
bondings which show strong absortion in the spectral region
between 9 and 11 um (of course there are several others).

A second step is to consider the attachment properties of
these gases. A criterion for suitable gases where the curve
crossing is a few kT above the potential minimum is the
temperature behavior; in particular, the rate of increase of

attachment rate with increasing temperature. A strong increase

was, for example, found for some halo-generated hydro car-

bons 23, 24. More detailed information is obtained by measure-

e et e A g 7o Rt e
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Compounds Strong Absorption Bands Absorbing Bond
(um) or Group

NON~AROMATIC

ALCOHOLS 8 - 10 C-0  Stretch
NON-AROMATIC ESTERS,
ACETATS AND EPOXIDES 8 - 11 C-0  Stretch
NON-AROMATIC
| NON-AROMATIC
ALDEHYDES 8.5 - 9.5 C-0  Stretch
T NON-AROMATIC Q
1 ESTERS AND LACTONES 9 - 10 C-0-C Stretch
!
S NON-AROMATIC e @
| ANHYDRIDES 8 - 11 C-0-C Stretch
-
| NON-AROMATIC Q
| ACID HALIDES 10 - 11 c-Cl
| NON-AROMATIC
AMIDES 8.4 - 9.5 C-N  Stretch
NON-AROMATIC
PHOSPHORORUS COMPOUND 9 - 11.5 P-0-C Stretch
AROMATIC HALOGENATED
HYDROCARBONS 9 - 10 g-cl, @g-Br, @-I
AROMATIC ETHERS 9.5 - 10 C-0 - # Stretch
AROMATIC NITRO E
AND NITROSO COMPOUNDS 9.5 - 10.5 N-O  Stretch |
: AROMATIC ESTERS |
3 AND LACTONES 7.8 - 10 c-0 Stretch :
| AROMATIC ACID Q
EALIDES 10 - 11.7 c-Cl1

Fig. 7 Chemical Compounds which Absorb Radiation within the !
Emission Range of the COj Laser. The Spectral Range ' B
of Strong Absorption Bands and the Absorbing Bands or :
Groups are Indicated
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ments of the temperature dependence of the attachment cross-

section which is available 2527 gor gases like N,0, O, and SF..

It can be assumed that gases with increasing attachment rate
with increasing E/N show the same temperature dependence 1, 28, 29.
The temperature dependent change of the cross-section in SF6
occured at too low electron energies for switching applications

in these experimentsz7. However, in this case an increase

of the attachment rate after laser excitation was observed for

the first time.

The number of gases suitable for opening switches is
reduced by the further consideration the the attachers should
have the attachment cross-section at moderate electron energies
(a few eV) to get a low attachment rate at E/N = 3 Td and a
strong increase of the attachment rate at E/N > 5 Td. Finally,
chemical properties like materials compatibility and toxicity
have to be considered.

The disadvantage of this type of attachers, the shift
of attachment peak cross-sections to lower energies with in-
creasing vibrational energy, can be compensated by adding
another attacher with E/N characteristics which satisfy the
previously mentioned desirable properties for opening switch
gases.

According to the limited number of small molecules that

satisfy all the mentioned requirements, larger molecules

should also be considered. In recent experiments with C2F5C1




< g et e e e e

BRI A 1 v iatt e iiiadh bt aca SRR A s P o’

146

+

it has been shown, that there can be a strong spectral struc-

3o,,which indicates that there are

ture in the quasicéntinuum
states with appropriate lifetimes to allow attachment before

‘internal thermalization.

C. Experimental Arrangement

A Jf&B test the concepts of optical control of diffuse dis-~
i L2

- charges, two experimental arrangements have been designed and

tested. One is shown in Fig. 8. It consists of a 50 Q line
Yhich can be DC charged up to V = 120 kV. Pulse charging is
possible up to V = 250 kV. The line is discharged by means
of a laser triggered switch into a self-sustainéd, high
pressure, volume discharge between two 10 cm diameter elec-
trodes, 1 cm apart. The anode is a mesh with ~ 75% transparency,
which allows axial irradiation of the diffuse plasma and homo-
geneous preionization. The pulse length for the matched line
is 100 ns which can be increased by a factor of 5 by chang-
ing the dielectric of the line. Current and voltage measure-
ments,'together with optical measurements (streak camera)
are planned to get information about the time development
of the diffuse plasma with and without optical control.

A second apparatus, an electron beam sustained discharge,
is under construction. The experimental set up is shown in
Fig. 9. An electron beam with an aperture of ~ 100 cmz, a

current of up to I = 100 A at electron energies of up to Ee =

250 keV is generated in a grid controlled system with a heated '

cathode. The electrons penetrate a 1 mil Ti-foil and provide




' l 147
VoLtaGE
[ Proae
!
o
. P
k 12 3
] > i'
§
. . 50 o 77 i WATER
» LINE 7 § Res1sToRS
: |
i .4, 4
. CURRENT
| ProBE
. METAL
. (0] INSULATOR Fizer ¢

3 T [w——
™1 eLECTROLYTE

Fig. 8 - Experimental Arrangement for Optical Control of
Diffuse Discharges

33
50

0

22408

, Plexigiass
o Protective
Grid

O

QOSSR
o%es".

20

pERS

AR SSNASSSNIS UL UG
¥

N

} Fig. 9 Experimental Arrangement for E-Beam Control of
" Diffugse Discharges




148

ionization in a high pressure, gas-filled switch. Side-on
windows allow for optical access and hence for testing the
feasibility of optically assisted attachment processes. It

is planned to use both experimental arrangements to test the
applications of optical control concepts for diffuse discharge
opening switches. The concept of "Optically Control of Diffuse

Discharge Opening Switches" has been discussed in several recent
31-35

papers
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MODELING OF DIFFUSE DISCHARGES

Laurence E. Kline
Westinghouse R&D Center
Pittsburgh, PA 15235

A. Introduction

A wide variety of models have been developed for the
analysis of diffuse discharges. In this paper some of these models
will be discussed in the context of diffuse discharge opening
switches. The discussion will be limited to models of externally
sustained diffuse discharges, i.e., discharges where an external beam
of high energy electrons, U.V. photons, x-rays, etc. provides the
electron production needed to offset the electron losses due to
recombination and attachment. Externally sustained discharges appear

to be well suited to the opening switch application.

The various models which have been developed are discussed
in order of increasing complexity. The motivation for, and application
of the various models are also described. After describing some of the
models which have been developed, several important physical limitations
on switch operation are discussed which have not been quantitatively )

modeled and are not fully understood.

A useful, and rather complete review of diffuse discharges

(1)

sustained by high energy electron beams is given by Bychkov, et al.
Additional information is given in a review by Daugherty.(z) Both of

these papers contain many references to earlier work.

B. Rate Equation Models.

The discharge steady state voltage-current (V-I) character-

istics and transient (i.e., turn-on and turn=-off) characteristics can
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be predicted by using simple rate equation models. Models of this
kind have been used to predict the characteristics of e-beam discharge
switches by Koval'chuk(3) ®) (5 and others.
A scaling and gas selection study which used this type of model is
described by Dzimianski and Kline.(e)

et al., Hunter, Bletzinger 1

C. Electron Beam Deposition.

The one- and two-dimensional characteristics of the jonization

|
-

i“ and power deposition by the high energy electrons has been studied

: using a variety of models. Monte Carlo on simulation models which
follow a large number of electron trajectories are particularly

- useful for this purpose because they accurately model a wide range of
experimental conditions. The Monte Carlo approach to studying the
interaction of the high energy electron beam with the gas is described
by Srivastava, et al.,(7) Snith.(s) and the references therein. See

; also the review papers, Refs. 1 and 2.

D. Two-Dimensional Discharge Characteristics.

. ! The non uniform ionization produced by the e-beam leads to

| nonuniformities in discharge properties such as current density,
electric field and power density. If the gas in the switch is flowing
this gas flow adds an additional source of nonuniformity in the
discharge properties. These spatial variations of the discharge

) Fircots,

properties have been modeled by Srivastava, et. al., I
and the references listed therein. iﬁ
!
t

9 (10)

Roache and Money, Parazzoli

E. Cathode Sheath Models.

The regions near each electrode in these diffuse e-beam

discharges are regions of higher electric field and higher power

interelectrode volume. Many of the existing models of these sheath

' ' regions are reviecwed by Bychkov, et.al.(l) The non-equilibrium nature

|
density, compared with the positive column which occupies most of the r
|
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of the electron energy distribution in the cathode sheath region is

discussed by Tran Ngoc et al.(ll)
o F. Discharge Stability.
- )
The macroscopic discharge nonuniformities discussed in ‘

Section D and the sheath regions discussed in the last section are

both possible causes of instabilities in these diffuse discharges.
Instabilities predicted by analyzing the properties

of the positive column as discussed for example by Douglas-Hamilton
and Mani,(lz) Long.(ls)Brown and Nighan(la) and the references therein.

o g m———

| However, the discharge instability which is normally of
interest is the glow-to-arc transition (GAT), i.e., the development
of a highly conducting filamentary channel which "shorts out" the
diffuse discharge and which is unaffected by the external ionization
- source. Although the development of the GAT has been correlated with
(11-14) the detatled

physics of the GAT are not well understood. There has been a recent
(15) 1

the predictions of simple analyses in some cases,

gtudy of similar physical processes in point-plane gaps-in air.

» Experimental observations described in Ref. 1 and by
A Douglas-Hamilton and Rostlcr(16) show that the first visible evidence
of the GAT is observed in the cathode sheath region. Similar

observations have been made in self-sustained diffuse discharges.(17)

A simple model for these developing arc precursors is described in
Ref. 16.

G. Electron Energy Distributions.

The electrons are usually the primary conducting medium in
diffuse discharge switches because they are much more mobile than

positive or negative ions. The electrons gain energy from the applied

electric field and lose energy in collisions with the neutral gas-
molecules and atoms. The resulting electron energy distribution (EED)
‘determines the transport properties of the electromns such as their

T . -
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drift velocity and their recombination and Attachment rate coefficients.

A forthcoming paper by Pitchford and Phelps(ls)

discusses the various
models which have been developed to predict the EED's and describes the
conditions for which these methods are applicable, as well as giving

many additional references.

H. Status and Research Needs.

The models which are briefly described in this paper are
capable of predicting many of the properties of externally ionized
diffuse discharges which are of practical interest for diffuse
2 i discharge switch design. For example, the rate equation models
described in Section B can be used to determine the required switch
gas properties, gas pressure, physical dimensions and e-beam
properties for various applications. Calculations of this type for
; a simple non-inductive circuit are described by Dzimanski and Kliness)
The author is not aware of any similar studies of diffuse discharge
opening switches in inductive energy storage systems.

- The e-beam deposition and two-dimensional discharge models

1'! described, respectively, in Sections C and ﬁ can be used to study and
design the two-dimensional properties of switch discharges. Similar
studies performed in the context of laser discharge design are described
in Refs. 7, 9 and 10.

Existing models of the electrode sheath regions, discussed

(8 9)

by Bychkov, et al., can be used to make approximate predictions of

sheath region properties. However, our understanding of these regions

is incomplete, as discussed in Ref. 1 and by Tran Ngoc, et al.(ll)

Furthermore, the author is not aware of any studies of sheath region
properties during the turn off phase of a diffuse discharge. The
evolution of the sheath region during this period may be important
in determining the development of the glow-to-arc transition and the
ability of the switch to open.

S
b . ‘
ﬁ‘ 4
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REPETITIVE OPENING SWITCHES

I.M. VITKOVITSKY

(Chairman)

Introduction

The group's meétinqs have focused its attention on the
range of applications of interest to DoD which require repeti-
tive opening switches. Selecting one application, a straw-
man switch design has been carried out. By using this approach,

the major research needs for this type of switching became

‘clear. The selection of the specific design was based on the

perception of the group obtained from discussions at the general
workshop meetings and from the conversations with members of
other Working Groups. Two main points regarding the scenarios,
where repetitive opening switches might be used, are:
a) Charging of capacitive loads by inductive storage is
becoming an important task (due to the need to reduce
the pulse power supply weight, cost and reliability)

b) Both CW and burst operations are important.

Applications

Review of the applications developed last year at the
US ARO Workshop on Repetitive Opening Switches has indicated
that additional applications should be considered. Thus, one

of the categories, the directed energy application, has been

explained and in Table I. Four subcategories are listed:

imids e

E




—r

Oy

L i e

160

110D PI3T4 Bupieaeasdy

. A
su sl sr sl su srl 330 d
S~1 ot 00T 01-¢ §-C PTCH lH
L3 I
s sl sri sl swu srt uadg AVl
001V 1 Mg 1> 1 1> Hal
1VAHM
09871 8,09su si sl 098 sl ‘pu
5,001 00T 1 0z pred | 238
(Ir/1p) *oude) (uset1a) *derde) *jonpuy *oede) peo1 3o adf}
10315189y 10318893y
sjoyg 31048 sjoysg 83j0Yg Suo] s304s
- - - ?
moa ocH mca wca ooa moﬁ eoﬁ IV
YH i Vi i A 2. A2, Aeag
S-1 01 0¢ 0e-1 002 00101 1
zi (3s10) 2i (M) (2101 OT) (382ng) srey doy
00S-001 ZH 001 001 2H 001-01 joys T 2 01 ~v
M 8,AH A A AH AR 20
0z-$ 0¢-01 00T-0T1 $°0 0°1-1°0 A
NO1ISINdOdd dWA4S 4 v LUorIeIag Viv
W3 a9aser] aase] POl
43AHLO AOWANZ giaLDFVIdA S¥3ALINVIVd aaSINd
SINIHANINOAY TIVOIdAL :1I FT4VL
- — e - S - - ‘




e IR

161

ATA, Modified Betatron Accelerator, Laser A and Laser B. ATA
parameters are unchanged from last year. The modified betatron
requires large (~ 150 MJ) inductive store to drive accelerator
and guide coils. Laser designs include pulse-line (Laser A)
and flashlamp source (Laser B). A new Army requirement for
Source Region EMP (SREMP) is also included. Electromagnetic
Gun requirement is unchanged from last year.

In considering systems that use repetitive opening
switches it became clear that more detailed specification of
the time characteristics of the opening switch is needed.
Consideration of circuits employing inductive stores and
opening switches show that periods required to characterize
the switch are:

Tch ~ Conduction time needed to charge the inductor

Topen - Opening time

Thold-off Hold-off time, which allows the switch to
maintain voltage necessary to drive the
discharge into the load.

By including all three of these times in Table I, rather

than opening time only, as was done last year, and recognizing

that in repetitive operation T (pulse-to-pulse interwval)

PP
can be longer than inductor charging time, the importance of
conduction time became evident. Its importance is due to the
need to maintain ionization level of the diffuse discharge of

the switch and due to absorption of the energy from the in-

ductor (which arises from the non-vanishing forward resistance)




B

during relatively long conduction time (in contrast to short

opening time).

Strawman

As a basis for developing a switch design that points to
limitations of, and opportunities presented by, the use of
repetitive opening switches, parameters of ATA were used. It
was assumed that ATA's 50 pulse lines are to be charged by an
inductor.

Parameters chosen for the straw-man design are the

following:
Pulse line voltage = . 250 kv
Output current = 40 kA
Pulse length = 40 ns
Burst = 40 pulses with 100 us

pulse~-to-pulse separation
Total ATA pulse

energy = 800 kJ

The inductor is to store 8 MJ, so that pulse energy
represents only 10% of the stored energy. This allows the
inductor to charge the pulse lines at approximately constant
current. It also provides a reserve of energy for the switch
dissipation. Assuming further that the pulse lines are to be
charged from an inductor in a period 40 times longer than the
pulse time, the charging current is about 50 kA. The size of

the inductor needed to store 8 MJ at this current is 6.4 mH.

Since the required capacity for all 50 pulse lines is 0.5 uF,
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the charging time vIC = 60 us, i.e., too long for water
dielectric PFL. Thus, one solution would be to divide L into
10 parallel sections driving 1/10 of the pulse lines at 50 kA
per inductor resulting in 6 us charging time.

The switch requirements follow from the ahove considera-
tions:

During opening phase:

Topen = Thold-off =6 us
Switch Ropen =35 Q
2 - 10
1 Ropen 107" w
= 1se for ram
Edissip 10 kJ/pulse P

charging waveform.

During conduction phase:

Assumption 1 Assumption 2
Teond = 100 us 100 us
Vewiteh = 200 V 1l kv
R.ond = 4 mQ 20 mQ
2R, = 10w 5 x 10'W
EDissip 1 kJ/pulse 5 kJ/pulse

For Assumption 2, the total 40-pulse dissipation (includ-

ing opening phase contribution) is 600 kJ. The amount of gas

(at 1 Atm) needed to absorb 0.1 J/cm3

Modelling Work Group) and operate properly is 6 x 106 cm3.

(result presented by the

e e v .
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Adding the volumes of switches for 10 inductors. the total

volume is 6 x 10’ cm °.

Switch performance is derived from assuming gas p of

10 Q=-cm and E of 10 kV/cm (1 Atm). From R = p 4/A =

cm~3, switch area is about 10° cm?.

breakdown
0.02 and dA = 6 x 10

7
This suggests d of more than a meter, so that hold-off is at
least 1 MV. Using injected beam energy of 200 keV, the elec-
tron range in gases suggests that the switch may be redesigned
for somewhat larger area and several sections in series. At
this point it makes more sense to consider improvements in
higher gas energy density, lower resistivity and in circuit
techniques, rather than further refining the straw-man design
parameters. This becomes even more evident, when the require-
ment on the electron beam injection is folded in.

2 4

The injected electron beam energy at lA/cm” of discharge

2 of beam current for volume

current (requiring about 10"%a/cm
discharge and resistivity control) is 2 MJ. Gas conductivity
decay data and the long opening time suggests that it may be

possible to inject the electron beam pulse for about 1/10 of

the total conduction time, reducing the e-beam energy to
200 kJ (at the expense of having to turn the control beam on i
and off at appropriate times). This is discussed in the

Appendix A.

As the ATA system requirements are changed to 10 pulse

bursts, the switch becomes a much more manageable device.
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Recommendations

The long conduction time required by many switch appli-~
cations and the resulting -nergy absorption is one of the
problems affecting the switch design. The gas resistivity
during conduction is another related problem. Both of these
considerations lead to increased gas volumes and, in turn,
lead to more demanding requirements on the electron beam
generation. These consideration and possibility of reducing
electron beam injection requirements lead to the following
recommendations for research topics:

1. Determine gas mixtures with lowest resistivity

(below 30 Q-cm available at present).

2. Determine gas mixtures which retain desirable elec-
trical characteristics after energy deposition into
the mixture substantially exceeds 0.0l J/cm3.

3. Study conductivity decay time and volume-to-channel
discharge transition as a function of e-beam density
and duration, with the idea of reducing e-beam
requirements for switches with long conduction time.

In addition to research topics above, the Working Group
also recognized that variety of engineering difficulties

exists. These include injection window heating, storage and

control of the e-beam circuit, possible gas flow requirements.

Any one of these problems may suggest worthwhile research.
The most important issue arising from the limits on

switch performance that will require evaluation is the non-

linearities that can be expected from modularizing of given

switch design for use in parallel and series combinations.

pro s
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The overall recommendation of this Working Group is that
the potential pay-off from the type of research proposed is
very significant, that the switches can be expected to work in

several scenarios and that the problems while difficult are

not insurmountable.
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Appendix A

Fig. 1A provides an example of the experimentally mea-
sured current flow in the Nz-o2 gas mixtures ionized by an
electron beam current, ie‘ The conduction period depends on
the relative amounts of electronegative and non-attaching
molecules. For 100% N2 the conduction decays over -~ 0.5 us :
period. Using Ar gas, conduction can be extended to very 3
long times without turning-off at an appropriately high |
applied electric field. This property can be used to minimize

" the electron beam energy required for practical switches in

the following manner. Selecting a gas mixture with long turn-
| off time, the ratio of the switch conduction time to e-beam

injection time, Tch/Te’ can be much greater than unity. The

value of the ratio will depend on the opening time requirement.
That is, the conductivity decay time can not be longer than
the switch opening time, because e-beam cut-off is used for
switching action. 1In the example discussed by the Working
Group, this value was ~ 6 us. Assuming the e-beam injection
time of 200 ns is sufficient to ionize the gas to provide a

required level of resistivity, Tch/ Te of 15 can be easily

utilized.
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DIFFUSE DISCHARGE PRODUCTION
(ELECTRON BEAM DISCHARGE SWITCH)

D. H. Douglas-Hamilton
(Chairman)

A. INTRODUCTION

The salient results of the workshop discussion on diffuse
discharge switching are summarized here. The discussions
were limited to electron beam generated diffuse discharges.
We list the equations describing conductivity and gas heating
in the dischérge, point out the important practical limits
on gas heating in the controlled discharge regime, and give
the expressions for calculating discharge onset and cutoff
behavior (important since a large fraction of switch heating
can occur at onset and cutoff). The results assumed for gas
heating limits are comparable with experimental results ob-
tained at Northrop and AVCO Everett.

Complete definition requires knowledge of external cir-
cuitry. For the present purpose, external circuitry is of
two types: constant voltage (e.g. capacitor) or ballasted
(e.g. resistive or inductive). 1In the latter case the effect
of changing current on the electric field must be taken into
account. In principle this requires computer solution of the
discharge and circuit equations. We have analyzed a possible

switch for the constant-voltage case, using discharge prop-

erties measured in CH4.

i Tt
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Thermal, acoustic and attachment instabilities are all
going to be important in this type of switch, which for reasons

of efficiency and volume reduction is likely to be operated

e e A——— o m— . vomalbib +

as near the discharge arcing limits as possible.
We therefore recommend that further research should be

done on attachment and thermal/acoustic instabilities.

1. Summary of Discharge Equations

The elementary equations describing the electron beam

sustainer (EBS) discharge are derived here, and then put into

. o8

a form in which the power into the EBS switch can be obtained.

The electron beam ionizes the gas producing a steady-
state secondary electron density ng. This density is des-
cribed by the differential equation:

& dn I o XeE/mp
e eb ~ - anz - Bn

dt eEi e e '’

where jeb is the mean EB current density within foil-melting
limitations, D is the E3 duty cycle (so thatrfiieb represents i

the EB current density during the pulse), 3E/3m is the mass 3
6

stopping power for the gas being irradiated, typically ~ 2 x 10
ev cmz/g at beam energies of interest, and p is the gas density.
Ei is the effective ionization potential: typically E1 ~ 35 ev.
The recombination coefficient o and attachment coefficient 8
determine the volume electron loss rate in the discharge. For
an efficient switch, in the EB-on state the major electron loss

will be recombination; the attachment phenomena are important

only in onset and cutoff, steepening the current pulse. In




steady state the electron density is then described well by

the expression:

1
'3"; D"L(3E/3m) o 2
g = Eﬁi a ’

and the discharge gas conductivity ¢ = ng eVo/E, where Yo
is the electron drift velocity and E is the electric field

in the discharge. We then obtain the expression for the

conductivity:
1
3’; 5 l(3E/3m) ep 2 Vo g
e T

For the gas mixture 9C% CH4, 10%Ar at 10 atm, we take the

values

2

3eb = 1 mA/cm® (foil heating limitations).

D=1

2E = 2 x 10° ev em?/q

= -3 -3
(10 atm) 8.4 x 10 g cm

V° = lO7 cm/sec

E = 500 V/cm atm

7

a = 10" cm3/sec

Ei = 35 eV

Each of these numbers can be separately justified. Note

however that the mean electron beam current density, averaged

over time, of 1 mA/cm2 is optimistic; conventional multi-pulsed

2

lasers operate at -~ 0.1 md/cm®, and we are assuming that foil

TR, TR E T T S
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material and foil cooling technology can be improved up to
the above level. In the later estimate of the switch calcu-
lated in section 6, we adopt the more conservative current
density of 200 uA/cmz. It will be shown that in any event

the switch area only depends on the EB current density as
jeb1/4' so the switch area changes slowly with assumed EB
current density. We have chosen E = 500 V/cm because this
is the experimental Ramsauer minimum for the above gas mix-
ture, and at this point the electron drift velocity is
107cm/sec; 3E/9m is taken from Berger and Seltzer [Table of

Electron Energy Losses, NAS-NRC #1133 (1964)]. We then find

3 3

= 1.8 x 10 ° mho/cm and o = 5,5 x 10 ° mho/cm.

910 atm 1 atm
Heating per unit volume (molecular gas, not vibrationally

excited):

P
°©.,_2_ 12._T
AT = 845 2 ¢ F 17 - oo )
GAS FLOW
E
z
FIELD v
X

3

P, = Gas density, NTP, g/cm

T = Pulse duration
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845 p_ T |1 ' l '

. - ) -1 |845 Er ‘
Area: xy = I| ——F 77 2=1 :
i

Gas Flow Rate: F = xyzN

N: Repetition Rate, Hz.

Gas Mass Flow: M = pF = pxyzN.

5- . 2

- ; ; . = RAT _ zI

] Power into Switch: Pswitch M(1l+y) - 5;; .

k. 1
: Yglo4

. H

» R = 8.3 j/mole

o M = molecular weight of gas

= Discharge Width: 2z = (Ve/E Po

Ve: Switch-off voltage standoff required
E_. :.: Maximum hold-off field possible for NTP discharge

crit

after discharge cutoff (E = 6=12 kV/cm). '

crit
In Section 6 we will use these relations to derive

| parameters for a "Strawman" switch suitable for ATA inductive
storage.

Limit on AT: Wide experience at Avco, Northrop and elsewhere

drives us to the conclusion that typical attainable EB-sustainer ?

discharge loadings up to the arcing limit result in AT . 500°K
for NTP discharges in a molecular gas. This limit on AT might
perhaps be improved for peculiar gases such as CO, in which
discharge energy is retained for long times in upper vibrational
states; but the addition of attaching electron scavengers to the

gas is also likely to deactivate the stored vibrational energy ;

[ T & S L e
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by VT transitions. Another approach is use of optically

polished electrodes, for which Denes & Kline (Westinghouse)
found 2 to 3 times better stand-off in self-sustaining dis-
charges. It is an open question whether this technique can

be applied to EB sustainer discharges.

2. Turn-on and Turn-off Behavior

}; A large fraction of the total power deposited in the
switch will be deposited during the impedance-change phase

of the switch at turn-on and turn-off.

¥ For an attachment-dominated process, the electron density

will be given by:

dne

| & = " B me

he = electron density 1

8 = attachment rate.

Typically we select an attaching gas mixture where B is

an increasing function of E
g8 = B(E)

and the discharge field E is determined by the external circuit a
of which the switch is a component. 3

The total energy deposited in the switch during this phase

is then

t
£ = J j E-xyz dt
P o

‘.
P - l
4 ‘
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where j = neeuE, and u is electron mobility, we use
7

10 4

u-.m-SZXlo

mixture discussed above.

cmz/Vsec at 1 amagat in the methane-argon

The external circuitry must therefore be known before
the energy deposited in the switch during onset and cutoff
can be estimated.

In the case where E is constant, during onset the
electron density becomes

-Rt
n, = neo (l-e ).

where we are neglecting recombination and n is the steady-

eo
state electron density. The energy deposited in the switch

is then

t
€ = I j Bexyz dt
o

-8t
l-e
Prl - T
where the steady-state power deposited is P = neoeVOExyz.
The ratio of the actual energy deposited in the switch %
to the energy deposited if it reached steady-state instan-

taneously is then l

gt )
RS-—_l Bt . H

Note that for t ~ 2/8, by which time the discharge has

essentially reached steady-state, we find R = 57%. Under

these circumstances the power deposited during onset is
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less than that deposited in steady-state. If the electric
field increases when the current is low, as in a ballasted
discharge, the situation is different and the discharge
behavior will depend on the specific circuitry. In this
case a large fraction of total energy can be deposited

during the discharge onset and cutoff.

3. Instabilities.

a. Attachment Instabilities.

Any system in which B is a rapidly increasing function
of E will be gubject to attachment instability* (increasing
local field reduces local electron density, thereby further
increasing local field and further reducing local electron
density, etc).

We are considering gases with this type of attachment
rate to provide rapid cutoff and onset. Optical or other
less than uniform changes in attachment rate will lead to
this instability. Analysis of the parameter field within
which this problem exists for the attaching gas mixture
recommended for switches will be required.

Therefore we recommend investigation of attachment
instability interaction with the EB switch, and its depen-
dence on the variable E which will result from certain

switch circuits.

*bDouglas-Hamilton and Mani, J. Appl. Phys. 45, 4406 (1974).
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b. Flow and Acoustic Phenomena and Instabilities

The effective run times for the selected opening switch
are quite long, ~ 500 usec. The switch gas is repetitively
heated to an approximate AT of -~ 500°K. This will lead to a
gas overpressure. Moreover the repetitive nature of the 10
pulse burst can create a series of sound waves that can rattle
around in the switch during the discharge. The dimensions of
the switch are such that the sound waves travelling at 10-50
cm per ms (dependent on the nature of the gas and the
temperature) can make several transverse transits in the
strawman switch. Such waves, depending on their strength, can
cause significant local density fluctuation which can lead
to discharge instabilities or arc formation. Thus the ideal
switch needs to be designed with an emphasis on gas dynamics
and acoustic damping that is at least as detailed as the
discharge phenomena and the coupling of the switch to the
circuit. It is recommended that an acoustic scaling analysis
be performed to develop designs for switch geometry and
acoustic damping that will allow the gas medium to perform
as close to its "homogeneous density" limit as possible.
Effects of the repetitive pulsed loading need to be considered

in this analysis.

4., Beam Pinch in the Switch

The e-beam being used to ionize and sustain the discharge

will be subject to a magnetic field created by the current

flow in the discharge. This field will tend to pinch the
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ionizing beam in the discharge. This effect requires the use
of an external magnetic field to compensate the discharge
magnetic field if the currents exceeds a critical value de-
pending on aspect ratio. For the selected switch the effect
is minor, but switches carrying several tens or hundreds of
kiloamps is expected to require external fields of order

2 kGauss.

5. Methane Datapoints

Por the Strawman switch we will use discharge parameters
based on methane: and for convenience summarize here results
obtained from discharges in methane.

a. Drift velocity:

Data computed by L. Kline indicate a drift velocity Vo

7 cm/sec. By

peaking at 3 Td (Ramsauer minimum) at > 10
adding Argon, the peak can be shifted to lower E/N (L. Foreman
et al., Phys. Rev. A, 23, 1553 (198l)) at some decrease in
LA (but relative increase vs. pure methane) . Using L. Kline's
methane data, a comparison between the AF-propulsion lab
data and the theoretical data resulted in the same discharge
current density values at higher discharge voltages, if the
E-beam source function was increased 10-50% for the theoretical
curves. This discrepancy is within error limits of determining
the experimental source functions. (At lower discharge voltages
the exverimental values were considerably higher, due to the
cathode sheath/ionization effects.)

L. Bwitch-on

As predicted by theory the current risetime decreases as

a function of E~beam current, such that at jeb = 1.3 mA/cm2

s
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(post-foil) the risetime was limited by the E-beam current
risetime (< lus).

c. Switch-off, recombination attachment

Observed 90%-10% current decay times for 1 A/cm2 dis-
5

charge current density were -~ 10 ° s (for lower jo, the long
recombination tail will increase this value). Modelling the
decay using E/N dependent recombination rates, a good match

was achieved, if L. Kline's recombination data was increased

A

by 10X and an E/N independent attachment frequency v, = 2.8 - 104

‘5 1/s was added. According to M. Biondi, the increased recombina-
tion rate can be explained by the much larger molecular ions
which will be encountered at atmospheric pressure vs. the CH:
ion measured in the low pressure cross section experiments.,
Using E/N independent recombination rates, a least-square fit

to the decay data resulted in a« = 8.3 - 10-7 cm3/s and v, =

%Q 1.8 - 105 1/s; the fit was not as good as with the E/N dependent
‘ data.

d. Discharge voltage

Using a variable electrode spacing the cathode fall voltage

at 3_, = .75 mA/em®, j, = .7 A/cm’ was 600 V; at j_, = .3 mA/cm’,

i~

f‘ jb = .4 A/cm2 it was 750 V. Since vcath z f(jb), Vcath
‘ f(/§;;)-l as expected.

The discharge voltage was as low as 1 kV at 1 A/cm2 at 2.2 :
cm electrode spacing (j0 = 1.3 mA/cmz), so with consideration

of Vcath' E < 500 V/cm.

e NN E PR g



e. Summarx

A. drift velocity Vo ~ 107

cm/sec has been predicted and
observed in CH4 and Ar mixtures at E ~ 500 V/cm. No attaching
electron scavengers were added to this gas mixture. M. Biondi
points out that addition of such species may increase the re-

6 cm3/s. However,

combination rate to the neighborhood of 10~
in practical EB sustainer gas laser discharges, which are
by no means ideal pure gases, typically a ~ 2 x 10~ cm’/s;

7

therefore we believe a ~ 10~ cm3/s, V0 -~ 107 cm/s at E ~ 500

V/cm atm are attainable practical discharge parameters.

6. Straw Man Calculation

Taking the ATA requirement:

V, = 250 kv  [Capacitor 400 x 10”2 £].

I = 10 kA through switch

Ton = 50 us (charging time]

Toge™ 10 us
for a burst of 7 pulses, repeated 4 times per second. Effective
on-time is then v = 50 x 7 us, between clearings. We assume
a gas pressure of 10 atm, in 90% CH,., 10% Ar, with a stand off

capability of Ein = 5 kV/cm at NTP.

t
Then z = (Ve/E )po/p = 5 cm. We make the conservative

6

int
3

assumption J__ = 200 uA/cm®, with D = (50x107°x7x4) = 1.4 x 10

2

Then 0 = 2.1x10" “ mho/cm.

4/845 x 50 x 7 x 10°° _ ... 2

Area: xy = 10

10 x 2.1 x 1o'zfx 500

Volume: Xxyz = 2,7 liter
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Gas Flow: F = xyz N = 11 liter/sec. A 89 g/sec.

2 4,2
21 - SX(lo ) = 45 MW

OXY  531x2.1x10" 4
For a 200 kV EB, we have: 1

Power into Switch: a) Discharge:

4 -
b) EB: xyD J.p Vg = 531x200x10 64200x10> = 15 MW

into the gas. Allowing, conservatively,

This is EB energy

structure and foil EB losses as -~ 30%, we obtain the required

EB power as:

P -~ 22 m.

eb

Mean power into capacitor:

=9 2
P = % CVZ/T - % % 400x10 E%SOOOO .
50x10

= 250 MW.

Switch Efficiency

P
cap _ = 250 -

n=s—

Pcap + Peb + Pdis

Summagx

The strawman ATA charging switch does not appear to re-

quire physically impossible dimensions or discharge parameters.

Note that a more precise analysis would include the time-

variation of current and field across the switch during the

charging cycle. As pointed out above, the discharge behavior

is highly interactive with the external circuitry. This will

be especially significant in a reactive circuit, and the danger

of inductive triggering of attachment instability phenomena

must be considered.
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7. Conclusion and Recommendations

We conclude that EB controlled discharges can be used
for switching high=-current, high-voltage loads under certain
circumstances, within discharge gas-heating limitations. We

have given a sketch of plausible dimensions for a switch capable of

handling the ATA power supply, using a methane-argon mixture.
The switch efficiency was -~ 80%.

The use of electron scavenging gases such as fluoro-
carbons will result in sharpening the switch onset and cutoff.
Precise predictions of onset and cutoff behavior and efficiency
can be made by considering the discharge and the circuit as a
whole. In general this will need computer analysis.

Electron attachers will expose the switch to problems due
to attachment instability. This instability has been observed
in high power discharges in gas lasers at AERL, and in general
the higher the energy density used in the discharge, the fur-
ther one progresses into the instability region. Triggering
of attachment instability is expected to be a significant
problem in switch discharges.

Thermal and acoustic instabilities will also result from
multipulse switch operation. We have taken the experimental
effective single pulse thermal limit as AT ~ 500°K; multipulse
operation on the same gas is very likely to reduce that limit.
Acoustic damping will be needed to avoid arc triggering from
acoustically generated instabilities.

We recommend work in the field of finding gases with a

suitable combination of recombination coefficient (a~1o‘7 cm3/s),
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transport coefficients (V° -~ 107 cm/s), and attachment rate

(low at ~ 2 Td, high at ~ 30 T4d).

We recommend further study of the attachment instability

and investigation of the parameter space of interest for switch-
ing. Further understanding of Streamers and streamer propaga-
tion and initiation in this parameter space is also needed.

;* We also recommend examination of the problem of acoustic-
ally generated instabilities. Experience gained in multipulse
high pressure gas laser discharges should be applied to the

switch problem.
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GASES
BASIC DATA AND EXPERIMENTAL METHODS

L. Christophorou (Chairman), L.L. Hatfield

There are several approaches to realize a diffuse dis-
charge opening switch: externally sustained or enhanced
discharges or selfsustained discharges with externally con-
trolled loss mechanisms. As none of these approaches has
been developed to a stage that makes it necessary to discuss
the properties of specific gas mixtures the aim of this group
was to identify general requirements that should be fulfilled
by a gas or gas-mixture that is used in any type of diffuse dis-
charge opening switch. The most important consideration is based
on the general requirement that the properties of the gas
mixture have to be choosen in that way that the response of
the gas discharge on the external control mechanism, espec-
ially during the opening phase, works in the same direction
as the control mechanism itself (Table 1), while other con-
sideration aim towards practical or even simple devices.

In the second step (Table 2) the group focussed on
needed basic data that are necessary for suggested g:.ses and
gas mixtures to predict the behavior of a gas in a diffuse
discharge opening switch or, even better, to compose mix-

tures that fulfill the requirements given in Table 1.

A S Bhimap .

The following tables present the recommendations of

the group in an abbreviated form.
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g Table 1. Desirable Properties of Candidate Gases

® High dielectric strength (effected by strong
attachment)

fade maaiee o a

51 - Attachment properties depend on option
(i) ka low at low E/N and high at high E/N.
¥ (i) k, high at fixed E/N.

: Options (i) and (ii) offer enough flexibility for
f ) discharges controlled by either electron beams or

f lasers, and in the latter case, whether the laser
L * sustains or shuts off the switch.

® High conductivity at low E/N.
- high electron mobility
- low rate of electron loss

A low rate of electron loss is a relative measure. The
electron loss rate during the conducting phase should
be low compared to that during the turn off phase. Some
. trade off is necessary since the opening time of the
! switch depends on the electron loss rate during turn off.

i ® Chemically unreactive; "simple chemistry"

- (this is of course a relative term). One of the im-

| portant considerations is that a practical switch has a
reasonable lifetime.

® Compatible with e-beam transmission foil, which has to
be at high T.
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Table 2. Needed Basic Data

® Electron Scattering Cross Sections

Total inelastic cross sections down to threshold
for diatomics and polyatomics (candidate gases)
for processes such as ionization, excitation,
etc.

Overall (gross) inelastic cross sections to aid
modeling and guide choice and tailoring of gases,
i.e., a simple measurement which gives some ideaas to
how effective a gas is in modifying the electron
energy distribution.

® Electron transport coefficients for candidate mix-
tures, especially at high P and high E/N.

~ High p (> 1 atm) and high E/N (at least 120 T4)

are both necessary for reasonable opening switch
performance.

® Electron attachment coefficients for candidate
mixtures over wide ranges of p, E/N, and T.

~ The ranges for p, E/N, and T depend on the gas

mixture tested. There is no point in using such
high temperatures that one of the constituent gases
dissociates, for example. Pressures below one atm.
are probably not practical, E/N down to zero is
desirable, and temperatures from 300K to 1000K

are reasonable.

® Recombination, including ion mobility and clustering
over wide P ranges, especially high p (>1 atm).

® V-7 and V-V data to determine how the energy dissi-
pated in the discharge will be distributed among
the many degrees of freedom available in the candi-
date mixture.

® Collisions of atoms, molecules, electrons and ions
with excited species. These excited species may be
produced in the discharge by photons from an external
source or electrons in the discharge. Cross section
for processes of interest are needed.
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Table 3. Experimental Studies & Tests

The following studies of candidate gases should provide
sufficient information for adoption or rejection of the gas
for use in a diffuse discharge switch.

® Degradation and recovery

- To obtain a fast history of the products produced from
the gas in a discharge.

EE e

- Use externally sustained source with high pressure mass
spectrometry.

- Time-resolved (laser) spectroscopy.

- Determine rate of recovery of the gas, i.e. lifetimes
of undesirable products

= - Determine chemistry for both charged and neutral species ‘
produced from the gas. i

- Does initial gas reform or transform to a product having
good insulating properties?

® Thermal Properties

- Investigate thermal instabilities

—— e

- Energy-density dependent reaction
- Excitation~-relaxation processes.

® Total System studies pertaining to the switch
- 1Insulating gas

- Solid conductors

- Solid insulators

® Quick switching test for screening of candidate gases

- Establish empirical indicators of merit ;

- Give feedback to those measuring basic data

3 ::.
) '.{(
A
; :
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For use in models the best estimates at present for
suitable gases are:

7

® Electron drift velocity ~10° cm/s

® Ion recombination coefficient '\1107 cm3/s
Summary

The following remarks apply to gas mixtures suitable
for diffuse discharge opening switches controlled either
by a laser or an electron beam.

The mixture must have high dielectric strength which
can be obtained through the use of an attaching gas. The
conductivity of the discharge must be high for low E/N and
low for high E/N. This dictates the functional dependence
on E/N of the electron attachment coefficient and electron
mobility. The chemistry of the mixture must be simple so
that predictions of reactions with the rest of the system
(electrodes and insulators) are not too difficult.

Certain gases are already known to satisfy some of
the above criteria. Mixtures of gases which have the poten-
tial to satisfy virtually all of the requirements should
be tested in a pulsed discharge apparatus to determine
dielectric strength, conductivity, and chemical reactivity.
This kind of quick test could eliminate unsuitable mixtures
and identify desirable component gases. 1In this way, gases
could be identified for the more detailed basic data measure- 3

ments recommended in Table :Z.
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One general statement can be made; only a fraction of

the basic data needed is presently available in the litera-
ture. However, it is clear that limited resources dictate
that care must be exercised in the selection of gases or
gas mixtures for which the necessary measurements are to

be made.




OPTICALLY INDUCED PROCESSES

ARTHUR H. GUENTHER

(Chairman)

The members of this working group are to be congratulated
not only for their written contributions but for their vigorous
involvement in our group discussions and willingness to par-
ticipate in an open and frank interchange.

The summaries of the group discussions given in this

report have mainly been written

by: ) Section:
J. N. Bardsley B.3
P. J. Chantry B.4
C. Frost B.8
M. Gundersen B.2,6
T. Lawler B.7

T. Leventhal B.9
G. Schaefer B.2,4

Srivastava B.5
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A. INTRODUCTION ]

At last year's Army Research Office workshopl on "Repeti-

tive Opening Switches"” for inductive energy storage, two

principal areas were identified for additional attention.

One was the development of a model of discharges which could
be employed in circuit analyses programs. The degree of com-
prehensiveness needed in such a switch model is a question,
however, which remains to be addressed before effective pro-
gress can be made in this area. The other principal conclusion
was that one of the most promising approaches for achieving

a repetitive opening switch for use with inductive energy

storage was by employing diffuse discharges, potentially con- !

trolled by external means (e-beams or photons), either in the
- open or closed phase. Because the payoff compared to the risk

involved was very high for this latter concept it was decided

that it should be the theme of this year's workshop, i.e.,
diffuse discharges in opening switches.
The question asked was not if it would work, (we have
some solid evidence that external control of diffuse discharges
by both electron and photons does work2'4) but rather, the
principal problem was to bound the operational range of
such switches, e.g. current density, fields, conductivity, geometry,
etc. Thus, once we have bound the range of operation, deter-
mine if that range is interesting, i.e., can they be made

to operate under conditions of interest to the pulsed power

community. Our initial considerations are outlined in Table I.

HE)
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Before proceeding to the individual contributions from

our group regarding the topics listed in Table I it is impor-
tant to point out some differences between the activities of
the optically induced processes group and the other groups at
the workshop. These other groups generally considered only
electron beam controlled discharges and did not dwell to any
‘ extent on photon controlled discharges. Our group, unlike {
;L, the others di¢ not have the "benefit” (?) of the, relatively ?
' speaking, wealth of experience and history that e-beam con-

trolled discharges enjoy. Therefore, we were not as inhibited

or constrained in our thinking. One must realize that optical
| control offers distinctly unique advantages such as the effic-~
?} iency of resonant interaction and the selection of which molecule
l and transition the cnergy is deposited (although lasers, in general
have lower generation efficiency than e-beams). It also allows

for a greater variety in the chemical reactions associated

with the discharge species and kinetics as well as a wide
selection of controlling optical sources. Photon control,

unlike electron control, offers opportunities not only for

sustaining and initiating the discharges but also for en-
hancing the recovery of the dielectric strength i.e., turn-
on, sustain, turn-off. Thus, we have concentrated on the
desirable characteristics, those chemical kinetic variables
which control the behavior of the dielectric medium. We
were not system or engineering oriented but more fundamental

{
B in our approach. The $64,000 question is: What are the impor-

tant or optimum characteristics of on optically controlled
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processes? Our initial thoughts and discussions proceeded 1
along the items outlined in Table II.

We have thus addressed issues such as photon-enhanced
attachment or the competition between photon and electron
processes (See Table III.). We have also looked at screening
procedures for candidates, relative to photon enhanéed attach-
ment with an emphasis on vibrational processes (See Table IV.).
These will be discussed in detail, addressing such issues as
a comparison Dbetween collisional and optical processes,
including electron impact excitation, attachment, and molecule-
molecule interactions.

Briefly, we need to identify a mode of excitation of
a molecule which leads to enhanced attachment, which can be
excited by a laser during the opening phase, and which is not
excited significantly by the electrons when the switch is
closed. We debated the relative merits of electronic excita-~
tion versus vibrational excitation and simple molecules versus
polyatomics.

We feel that next year, if one wishes to continue the
thrust of this and previous meetings, we should address other
points, such as the pressure level under which such switches
might operate; include engineering issues, e.g., the potential
for placing capillaries in parallel across the switch electrodes
for enhancing wall effects, and consider future possibilities,
e.g., the gstate of the art in optogalvanic effects. Secondly
we need to select and agree upon key parameters such as the

appropriate electron density or conductivity. It is difficult
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for each group to work this problem using different assumption
or baseline data. Further, there is a need for a stronger
interaction between the various groups such that we, individu-
ally, don't go our own way. Each group needs to have the bene-
fit of the thinking of members of other groups. There must be
a collation of the reports of these committees, i.e., an effec-
tive integration upon which there is some concensus. But most
importantly we all need to work continuously between these
meetings and have experimental results circulated in a timely
manner. I would add one note, that we not overlook the oppor-
tunity for optically controlled solid state elements in per-

forming the opening switch function with reliability.
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TABLE I

SUBJECTS DISCUSSED IN THE SESSION "OPTICALLY INDUCED PROCESSES"

3.

Complete Listing of Possible Processes

- Classification according to pressure - regime

=~ electron production mechanism

- electron loss mechanism

Negative V/I Characteristic Suitability

Low Pressure Discharges - Why Not?

Desirable during turn-off?
Tolerable during conducting phase?

Candidate species identification

Vibrationally Enhanced Attachment

Large vibrational excitation by photons
Collision cross sections with electrons
Molecule size

Optical diagnostics
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TABLE II

OPTICALLY INDUCED PROCESSES THAT AFFECT CONDUCTIVITY

During Pulse (Conduction phase)

Photoionization by one or more photons

Collisionally assisted ionization

Excited state phenomena

Inverse Bremsstrahlung

After Pulse (opening phase)

- Optical quenching of metastable species by optically
induced radiative relaxation

- Photoenhanced attachment.
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TABLE III
PHOTOENHANCED ATTACHMENT

(COMPETITION: PHOTON-ELECTRON EXCITATION)
Vibrational Excitation (small molecules)

In gas discharge: e-collision + energy sharing + mainly
v=1
needed: molecules with kattach strongly increasing

only for v > 2 and (selective) excitation of v > 2

- overtone excitation
- E -+ V,R collisions

- E + V,R radiative

Laser excitation of larger molecules
Electronic excitation

Photochemical reactions, (multi) photon decomposition

- fragments with higher attachment rate

- vibrationally excited fragments

- radicals

e ey i ot g 2 e i
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TABLE IV
SCREENING PROCEDURE FOR CANDIDATES FOR PHOTOENHANCED

ATTACHMENT BY VIBRATIONAL EXCITATION

Absorption at available laser wavelengths (practical

consideration)

kattach (E/N) increasing as E/N increases, and

kattach (E/N) small at conductive E/N of gas mixture
kattachcr) increasing as T increases
o(Ee, v = 0) maximum, threshold

c(Ee, v > 0)

a) v* - quenching by buffer gas?
b) v* - quenching by attacher?

Chemistry, including buffer gas and gas flow.




B. GROUP DISCUSSIONS

1. Introduction

In general two different groups of optically controlled
processes for switch applications were considered: The optic-
ally controlled electron generation and the optically control-
led electron depletion.

Optical processes that either increase or decrease the
conductivity are possible. The general decision whether a
laser may be used for the conduction phase or for the opening
phase mainly depends on the specific application. For appli-
cations where the length of the conduction phase is on the
order of the length of the opening phase either process may
be used. For conduction times much larger than the opening
time, processes that increase the conductivity have the dis-
advantage that the laser has to operate for a long time.

Processes that decrease the conductivity can also be
used in combination with e-~-beam sustained opening switches

to achieve shorter opening times and higher hold-off voltages.

2. Optically Controlled Electron Generation

The processes considered for control of the electron
generation were shown in Table II and are summarized in Fig.
1 and discussed below.

(1)~(6) Optically Enhanced Electron Generation
(1) The "one" photon ionization from the ground state has

only been demonstrated in alkali atoms. UV lasers are

required.
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(2) The two photon ionization from the ground state via

a resonant intermediate state has been shown for some
molecules with low ionization energy, such as (CH3)3N.
In this case also UV lasers are required.

These processes, (1) and (2), can be used for optically

sustained discharges while the processes, (3) to (6), below

involve collisional excitation.

(3)

(4)

(5)

5 (6)

The excitation of an intermediate state can enhance
the electron generation either through an additional
e-collision ionization from this intermediate state,
as has been shown for alkali and Hg, or through
Penning ionization according to collisions of two
excited atoms as known for Na.

The photoionization starting from an excited state is
suggested mainly for systems with metastable states.
An example is Hg where high metastable densities can
be achieved (>50%).

The photon ionization from an excited state via an
additional intermediate state has the advantage that
relatively low photon energies are necessary. Consider
the cases, for NO(A - E ~+ (NO)+),hv = 2 eV or for
Hg(63P° -+ 738l + Hg+),hv = 3 eV are necessary.
Inverse Bremsstrahlung: Electrons can absorb energy

from the electric field of a laser and transfer the

energy through collisions into ionization. This process

requires high intensity, high collision frequency, seed

electrons, and favors longer laser wavelengths.

il N
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(7)-(10) oOptical Quenching
(7) De-excitation of metastables into resonant states with
subsequent stimulated emission or spontaneous emission.

(8) Raman Processes as in (7), but off-resonance.

(9) Excimer formation

A* + B+ Vv > A* 4+ B > (AB)* A + B + v'

(10) Electric field induced emission

3. Optically Enhanced Electron Attachment

The processes considered for optically enhanced eléctron
attachment were shown in Table III.

In order to achieve rapid opening without a significant
increase in the energy lost in the switch, it is necessary
that the attachment rate during the opening phase be much
larger than that appropriate to the conduction phase. This

can be achieved by including in the gas a molecule which

is weakly attaching in the ground state, but which possesses one

or more excited states with very large attachment cross sections.

The number of molecules in these excited states should be
very low during the conduction phase and should be rapidly in-
creased by laser irradiation during the opening phase.

There are several molecules, such as Hz, HCL, HF, 02, and
N,O, for which dissociative attachment is enhanced by several
orders of magnitude when the molecule is vibrationally ex-

cited. However, large cross sections for dissociative attach-

ment usually imply large cross sections for vibrational exci-
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tation by electron impact. Thus, many vibrationally excited
molecules (at least with v = 1) will be formed when the switch
is opened, unless the mean electron energy can be kept below

the vibrational excitation threshold in the attaching gas

molecules.
Several ideas have been suggested to increase the ratio
of photon-induced attachment to electron-induced attachment.
1. Use diatomic molecules containing hydrogen atoms, which b
have relatively large vibrational spacings.
2. Choose molecules for which the enhancement of the
attachment rate is important only for v > 2. If this
procedure is followed, then one needs to find optical

mechanisms for producing these levels. Some possi-

bilities are:

a. overtone excitation

b. multi-photon absorption

c. electronic to vibrational energy transfer from a

different atom or molecule, e.qg.
Na(3p) + CO(v = 0) -+ Na(3s) + CO (v =17)

d. radiative decay from an excited electronic state
of the attaching molecule
e. production of the excited state of the attaching
gas as a dissociation fragment in a photochemical =

reaction involving a larger molecule, e.qg.

FHC = CHF + hv(193nam) > HF(v =1+ 5) + ...
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When one has identified a suitable attaching molecule
one must check that the vibrational excitation is not
quenched too rapidly by the buffer gas. This may be a
serious problem if molecular gases, such as CH4 are present.
A rapid quenching rate would necessitate increased power of
the laser which drives the optical control. In a subsequent
section we will outline a series of steps which could be
used to screen possible candidates for vibrationally enhanced
attachment, and will summarize the data that are available
for one promising candidate. An alternative way to minimize
the attachment during the conduction phase are to base the
enhancement on an electronic excitation for.which the thres-
hold is much higher than the mean electron energy. However,
there is very little experimental data on attachment to
electronically excited molecules. Theoretically one expects
that such cross sections may often be smaller than those for
the corresponding ground states. Nevertheless this suggestion
is worthy of further study.

One attractive possibility is to search for attaching
excimers, i.e., molecules which are only very weakly bound
in the ground state but which possess excited states with
large cross sections for dissociative attachment. One way
of implementing this idea is outlined below. Another promis-
ing approach would be to search for molecules in which the
grouhd electronic state is singlet and is weakly attaching,

but which has a strongly attaching excited triplet state.
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Such a state would be excited by optical pumping on an i
allowed transition followed by internal conversion. Acetone

1 Clearly many i

(CH3COCH3) seems to possess such properties.
new data are needed before either enhancement mechanism, via

vibrational or electronic excitation, can be fully evaluated.

PRI

An example of vibrationally enhanced attachment:

In order to clarify the issues involved in optical con-
trol of attachment, it is useful to consider a specific 4
molecule, namely HCL, in which vibrationally enhanced attach-
ment has been demonstrated, and for.which much of the relevant
data are known.

(a) Attachment cross sections:

2

Allan and Wong“ have measured the cross section for attach-

ment of electrons for HCZ and DCL{ at gas temperatures between
300 K and 1200 K with electron energies up to 1.2 eV. From

their results, Bardsley and Waaenra3 have deduced the cross

sections for attachment of electrons to specific vibrational
states (v = 0 - 3) and rotational states (J = 0 - 25), PFigure
2 shows the cross section for each of these vibrational
states, averaged over a thermal distribution of rotational
states at 300 K. This shows that for electrons with energy

of the order of 0.1 eV, the rate of attachment to molecules

in state v=0 and v=1 is small, whereas for v=2 and v=3 it

is large. However, this advantage disappears if the electron

energy is > 0.5 eV.
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(b) Optical versus electronic excitation of vibrational 5

modes.

Since HCZ is a polar molecule it can be easily pumped
directly using a suitable infrared laser. Vibrationally 1
excited molecules may also be produced as dissociation frag-
ments in optically controlled processes involving larger
molecules. It has the further advantage that the large
L» vibrational spacing (0.35 eV) means that in the conducting {
. phase vibrational excitation will result only from collisions

of hot electrons. However, the cross section for vibrational

excitation by electron impact is very large,close to threshold.
b | ' FPigure 3 shows the rate of vibrational excitation as deduced

by Davies4

from an analysis of transport properties. This

again shows the gain that can accrue from minimizing the

mean electron energy in the switch during the conducting 1
phase. |

(c) Quenching of excited vibrational states

As discussed above, the enhancement of electron attach- 3
ment will be reduced if the vibrational excitation is quenched
in collisions of HCL* with ground state HCZ or buffer gas
molecules. The rates of these relaxation processes have been
measured, by Chen and Moore,s for several molecules, includ-
ing C84. ‘
(d) Research Needs t

More detailed experimental data are needed on electron

attachment to specific excited states and on the cross sec-

tions for electron-impact excitation of levels with v > 2

(e.g., 02, 1 + 2 transitions). The efficiency of optical

- RE -

3
\
N




procedures for producing this vibrational excitation should

also be surveyed.
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4. Screening Procedure for Candidate Gases for Photoenhanced

Attachment (Vibrational Excitation)

Table IV was generated as a viewgraph for purposes of

discussion. The points addressed are in order of priority

from the point of view of the experimentalist wishing to

choose a gas for testing a switch with an optically controlled

attachment rate. From a longer range point of view, consider-

ation of possible candidates need not be constrained by the

present availability of laser wavelengths (Point 1).

Point 2 is not directly related to considerations of

photoenhanced attachment. It arises from the desire to take

advantage of the increasing E/N in the decaying switch medium

during the turn-off phase. Since this behavior of kattach is

entirely compatible with the other considerations of vibration-

ally enhanced attachment we can take full advantage of it. The




important consideration here is that k

attach be sufficiently
small at the operating E/N during the conduction phase. The
electron mean energy in mixtures chosen for high drift velocity
is likely to be a few tenths of an electron volts. Again, the
choice of an attaching mechanism compatible with the total gas
mixture properties is emphasized.

Point 3 reflects the fact that most of the relevant experi-
mental data available in the literature relate to attachment
measurements (cross sections or rate coefficients) as a function
of gas temperature. From such data, the vibrationally enhanced
process is inferred, in some cases quantitatively by unfolding

1,2 or with the aid of theory.3

techniques Candidate gases for
which there are no data can be screened experimentally by
studying their temperature dependence rather than via optical
excitation experiments.

Points 4 and 5 concern the energy dependences of the
individual cross sections for v=0 and v>0. This information
is equivalent to, but more fundamental than, the information
from point 3. The required E/N dependence of kattach implies
constraints on the threshold and peak position of c(Ee, v=0) .,
Availability of the separate v-state cross sections facili-
tates theoretical prediction of photo-induced effects.

Point 6 addresses the general concern that the proposed
enhanced attachment mechanism must not be "undone" by an in-
appropriate combination of attaching and buffer gases. This

is being addressed in more detail in Sec. 3, treating HCL as

a particular example of the overall process.
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Point 7 is perhaps the most difficult to address a priori,
and its low priority position on this list reflects this fact.
There is no implication that plasma chemistry effects need
not be considered troublesome. This issue is of concern re-
gardirg whether or not an attaching species introduced in
relatively low concentrations will survive the conducting
phase to perform properly during the opening phase, and may
impose the need to flow the gas, with the attendant engineer-

ing costs.

References:

1. Allan, M. and Wong, S. F., Phys. Rev. Lett. 41, 1791 (1978).

2. Allan, M. and Wong, S. F., J. Chem. Phys. 74, 1687 (1981).
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(1979).

5. Photochemical Enhancement of Electron Attachers in the

Plasma of the Switch (Electronic Excitation):

A. Statement of Concept:
It is proposed that by optical absorption a temporary
high attaching molecule be produced in the plasma.

B. Discussion

Energies for exciting rotational and vibrational levels
in molecules are small. Therefore, the molecules may be
excited by the plasma electrons. The method proposed for
exciting these levels by a laser, then, will not be very

effective unless the intensity of the laser beam is very high




or the cross sections for electron impact excitation are quite
low compared with the photoabsorption cross sections. In order
to overcome the above difficulties it was also suggested

that photochemical reactions, resulting from excitation to the
electronic states of the molecules or atoms, be utilized for
the production of temporary attachers in the plasma. This

will be further clarified by the following examples:

a) Photo-dissociation:

The plasma of the switch can be seeded with molecules
which can be photodissociated by an external laser to pro-
duce fragments. One of the fragments can be highly elec-
tronegative and can attach plasma electrons to open the

switch, viz:

ABC + hv =+ A + BC*

L T

BC* + e - BC

where ABC is a molecule which upon photodissociation gives
rise to a vibrationally excited radical BC*. The BC* may
have large attachment cross sections and may combine with
Rm
plasma electrons to generate a temporary negative ion BC .
As an example, consider the following reaction:1
*®
FHC = CHF (Difluoro-ethylene) + hv(193nm) =+ HF* (v=1-5)
m.* + e- + HF - (1)

It is expected that, just like vibrationally excited HCZ,
HF*(v = 1-5) will also have high attachment cross section.

Or, consider the following reactions:2
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CH,NH, + hv(193nm) -~ CH, = NH + 2H ]

or
(2)

CH, = NH + Hz

2
. *
CH, = NH > HCN + H,

L

* ?
Both HCN and H, (* indicates vibrationally excited state) 0 ]

are electron attaching molecules. The above reaction is found

L aade

H to be very efficient (=70% converts to HCN).
b) Internal Conversion of an Excited Electronic State:
By photoabsorption certain molecules can be excited to
electronic states which internally convert to highly att;ch-

ing ones. For e.xample:l i

1(CH3COCH3) + hv (248nm) goes to an excited singlet

electronic state which internally changes to 3(CH3COCH3) (3)

0 0
| I

3 -
(CH3COCH3) +e - CH3-C-CH3 - CHa-C = CH2 + H

c) Generation of An Attaching Molecule by an Excited ;

% State of an Atom:

Consider a reaction of the following type:

*
A+ hv »- A

*
A" + aB A;+B(or AB +A) (4) \

* * - .
% A, (or AB ) + e + a, (or 3B )

[y T ——

where * denotes the excited state of the atom or the molecule.
Reaction of the type represented by (4) are of special inter-

o est because they offer the possibility of closed cycle oper-

2

"y
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ation i.e. a continuous flow of gases is not needed. ;
As an example, consider the mercury sensitized reaction:3 §

-

Hg(lso) + hv(A < 2537 &) - Hg(3Pl)

Hg(3P1) + H, - HgH + H (5)

1l * 1
+ Hg( SO) + Hy j
d

2

Reaction (5) is just an example. Much more research is needed
to identify suitable atom sensitized reactions for our pur-
pose.
C. Suggested Research Approach
i) Look into the literature for radical molecules which
have the possibility of strong electron attachment
cross sections and small thresholds for attachment
energy.
ii) Look into the various possible ways to produce these
radicals by using a laser or an e-beam.
iii) Perform the experiment and measure the attachment
cross sections. At the same time theoretical calcu-
lations will help in understanding their detailed

properties.
References:

l. D. Lorents, private communication.
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3. K. Yang, J. D. Paden and C. L. Hassell, J. Chem. Phys.

47, 3824 (1967).
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6. Low Pressure Considerations

Higher pressure tends to produce equilibrium, or LTE,
and a process employing a laser is a nonequilibrium non-LTE
process. Thus there is an intrinsic tradeoff in pressure

?J and optical power. At lower pressures it is possible to

consider several significantly different approaches, summarized
| here:
: ; Low pressure makes it possible to employ a wall-dominated
| process. The walls may be either
I 1) The confining walls of the discharge, as in an ion
laser, or:

§ 2) The electrodes, which may be large, and closely

'

spaced. An interesting advantage of closely spaced electrodes
E is the capability of increasing the hold-off voltage by oper-
‘ ating on the left-hand side of the gas Paschen curve. It may
be possible to obtain high currents, for at least short times.

P

Densities of more than 100 A/cm® are possible, particularly

with a hot cathode. At pressures of 1/2 torr, (N<2 x lols/cm3)
the electron density may be approximately 1014/cm3 in this
environment. The electrons will equilibrate rapidly, but the
molecules won't, and thus an optical excitation process will

not have to compete with molecule-molecule collisions.

Suggested Research Approach
1) Consider candidates at low pressures, subject to the

constraints discussed above, and delineate the limits on pres-

.

sure imposed by this idea for an opening switch. A fairly simple

oW W WY T T



experimental apparatus could be employed. Certainly exist-

ing switch gases should be studied, initially at least.

2) Understand some existing low-pressure devices, such
as lasers (e.g., ion) and closing switches, by studying the
physics of these where necessary. Consider the effect on
these through addition of attaching gases, light (photons),

or electrons.

7. Negative Dynamic Resistance Consideration 1

The cost of laser photons requires that they be used very

efficiently in any switching scheme. Schemes that involve

using the laser only during the opening phase of a self-sus-
tained discharge have a significant advantage over schemes
that involve using the laser to sustain the discharge. 1If
the discharge switch must remain closed for long periods,
then the requirements on a laser éo sustain the discharge
are severe.

Diffuse discharges with large negative dynamic resistances
make possible efficient use of laser energy during the opening
phase of a discharge switch. A large negative dynamic resis-
tance has two advantages that are apparent in steady state
models. The first advantage is that a small change in V/I
characteristics can switch large currents into a resistive

load. This advantage is illustrated in the circuit diagram

and load line analysis, which follows.
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Point "Q" represents a macroscopically stable operating point
:ii for which most of the source current is carried by the low
impedance discharge. A relatively small change in V/I char-
acteristics, represented by the shift from the solid curve to
the dotted curve,drives all of the source current into the load.
The second advantage of large negative dynamic resis-
tance is that the magnitude of the linear optogalvanic effect
for a fixed energy input is proportional to the dynamic resis-
tance. This statement follows from applying pertubation theory
to the balance equations which describe a discharge.l A first

order perturbation theory approach . describing optogalvanic

effects is useful if the laser power .3 a small (<10%) frac-

tion of the total power being dissipated in the discharge.

TS

There are several processes which can cause negative

dynamic resistance. Molecules with attaching rates which

o

increase strongly with E/N can produce negative dynamic
resistance. Multistep ionization processes can also produce

a negative dynamic resistance.

Reference:

1. J. E. Lawler, Phys. Rev. A, 22, 1025 (1980).
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8. Diagnostics for Diffuse Discharges

Lasers can be useful not only for controlling discharges
but also as probes to determine basic parameters and condi-
tions in the switch. Diagnostics beyond simply measuring
voltages and currents are essential to understanding the
diffuse discharges used for opening switches. Almost all the
diagnostic techniques developed for the study of e-beam sus-
tained laser discharges are applicable to switches and should
be considered. Laser-based measurement techniques can give
time and space resolved measurement of Ne’ gas density, and
species and also yield the temporal evolution of the excited
state distribution. Emission spectroscopy of the discharge
should not be ignored since it is a simple technique which
provides valuable information, particularly about impurities.

A few diagnostics worth considering are:

1) Optical interferograms

2) Framing camera

3) Pressure rise transducer

4) Emission spectroscopy

5) Laser induced fluorescence spectroscopy

6) Coherent antistokes Raman spectroscopy (CARS)
7) Microwave interferometry

CARS can give information about the distribution of
vibrationally excited states, crucial to the investigation
of certain concepts. Microwave interferometry can give
time resolved measurements of Ne in the discharge and has

already been employed to study electron production by 2-step




photoionization and decay by recombination and attachment.

e WL TIETTIIT T e

The microwave technique can be employed to study attachment

rate as a function of E/N and vibrational excitation.

Microwave Measurements

A microwave interferometer, shown schematically in
Figure 4, has been used at Sandia National Laboratories to
study electron production by laser photoionization of organic
molecules. This apparatus provides time-resolved measurements

9 through 1012 3

of electron densities from a few times 10
by observing transmission amplitude and phase retardation of

10 GHz traveling waves passing through the excited gas which

is contained in the waveguide section. Resonant 2-step photo-
ionization (see Figure 5) is achieved by passing the beam from i

a pulsed UV laser through the gas. In this manner, photoioni- 1

zation coefficients have been determined for a large number

of active molecules. For most of the compounds studied, the

i
2 as shown in Figure 6. !

electron density scales with I

Recombination and attachment have also been studied by e
observing the decay of electron density for various buffer
gases. Figures 7 and 8 show the microwave transmission as

a function of time. Cutoff (T = 0) corresponds to Ng of 1012

cm_3. Figure 7 shows the behavior of Ne using argon, a non- ;T
attaching buffer. Ne rises rapidly during the 20 ns laser
pulse (lower trace) and decays very slowly thereafter. 1In
the case of mildly attaching gases such as air, Ny decays J

more rapidly, as shown in Figure 8. For strong attachers, such
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Figure 4. Microwave apparatus.
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TRIPROPYLAMINE+ KrCl LASER (221nm)
FLUOROBENZENE+ KrF LASER (248nm)
DIMETHYANILINE + XeCl LASER (307nm)

Figure 5. Resonant 2-step photoionization.
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Figure 7. Slow decay of N, with non—attaching buffer.
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0.1 Torr DIMETHYLANILINE
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50 100
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Figure 8. Rapid decay of Ng with attaching buffer.
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as SF., N, falls very rapidly after the end of the laser pulse
and the peak electron density is reduced even at low pressure
due to attachment during the buildup phase. Plate electrodes
inside the waveguide section allow application of an E field.
For SF6 buffer, Ne (for a fixed laser excitation) is observed
to increase with E/N (see Figure 9). This is the expected
behavior based on the shape of the SF6 attachment curve. With
02 as buffer, however, Ne appears to decrease as the voltage
is increased. This is exactly the type of behavior which is
of interest for opening switches. The microwave technique
shonld be considered not only to obtain basic parameters but
also to provide time~resolved measurements of Ne in opening

switches.

9. Field Strength Dependant lLaser Induced Processes

Statement of Concept: The strong electromagnetic (EM)

field associated with a high power laser may be used to
enhance or inhibit certain inelastic processes occuring in
a discharge so that switching may be facilitated.
Discussion: The advent of high intensity lasers has
made it possible to study atomic and molecular reactions in
the presence of a strong EM field. The reaction may be
either enhanced or inhibited relative to the reaction rate

under field-free conditions. In these "laser-induced" pro-

cesses the laser provides an intense EM field (not necessarily

on a real atomic or molecular resonance) which perturbs the

quasimolecular potential energy curves, relative to the field-

i P

Mol mtadbha 2

PR PP




o

T TR

free case, and the reaction can be either enhanced or in-
hibited.

The study of such processes is still in its infancy;
to date the most studied of these laser-induced processes
are associative ionization and laser-induced Penning ioniza-

tion in collisions between two Na (3p) atoms. 1”7

These pro-
cesses may be represented as hw + Na(3p) + Na(3p) -+ Na2 + e
and hw + Na(3p) + Na(3p) + Na' + Na(3s) + e”. The symbol
hw refers to the EM field and not to the laser photons re-
quired to effect the 3s + 3p transition. Of course, the
experiment may be conducted with a single high intensity
laser tuned to a D-line, but the EM field enhancement effect
does not require the precise D-line wavelength. Although
there are still uncertainties about the exact mechanisms that
lead to the enhancement, it is clear that the ion yield, especi-
ally from associative ionization increases dramatically (orders
of magnitude) when an intense field is applied (*103 - 106
w/cm3) .

Although the sodium reactions briefly described above
show enhancement in the presence of the strong EM field, 1
there is no reason why, in some other properly chosen system, the

reaction could not be inhibited. If such a process could be

found it could have application for fast opening switches. }
For example, if a given atomic collision process which pro- '
vides conduction electrons in a "conventional" discharge

switch could be turned off (i.e., reduced by orders of magni-

tude) by nonresonant laser light, the switch would then be in
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the open position during the laser pulse. The switch would
be closed between laser pulses. Only during the short laser
pulse would the switch be open. Such a scheme takes advantage
of the low duty cycle of most pulsed lasers to provide the
desired open/closed characteristics. Not inconsequentially,
the expensive laser photons would then only be used during

the short open period.

Suggested Approach. Because there exists so little

data of a fundamental nature on these laser-induced processes,
additional work should be undertaken. It is considered im-
portant that the sodium system, which of course was studied
because of experimental convenience, be thoroughly under-
stood and characterized. Subsequent experiments on different
types of systems, such as rare gas/rare gas collisions,
should also be performed. Naturally, theoretical guidance
should be added in appropriate doses. Primarily though, it
should be noted here that there currently exists very little
data. More basic research is needed.

Questions. Can a reaction be found, which under field-
free conditions causes conduction, but under intense irradia-

tion ceases to conduct?
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MODELING OF DIFFUSE DISCHARGE OPENING SWITCHES

w.H. Long, Jr. :
(Chairman) :

The committee sought to identify a) types of models that are needed
to address the current problem, b) codes which already exist to analyze
similar phenomena in other devices, and c) areas where additional research
is required. Model capabilities were expressed in terms of basic processes
and dimensionality. Table 1 presents a matrix of model capabilities,

where existing codes are indicated with a cross.

It was generally agreed that no single code could, or should, con-
tain all the processes of importance or all the possible dimensions, but

that more could be learned by analyzing important aspects of the problem

with small, specialized and interactive models. For example, divisions

can be made on the basis of a scale of time or distance. Long term chemistry
in a closed gas 1cop can be considered separately from the short term
chemistry and plasma kinetics during conduction, which itself can be

treated }ndependentIy of the transients associated with opening and closing.
The various codes are then coupled through initial or periodic boundary
conditions. In a similar way, spatial divisions exist between bulk flow,

boundary layer, plasma sheath, and surface phenomena.

Further separation can be made by grouping related processes in
individual codes which are then coupled together through specific parame-
ters or common variables. This is generally done in joining electron
kinetics codes to models treating plasma kinetics, and then to general gas

dynamics codes. The coupling between these subsystems is indicated in

Figure 1.
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The basic processes which must be considered in repetitive, diffuse
discharge, opening switches are listed in Table 1. Others may have to be
added for specific switch concepts not considered here. Electron kinetics
in the positive column of a glow discharge is usually treated by solving
the Boltzmann equation for the electron energy distribution in a constant,
uniform field. The angular dependence of the distribution is expanded in
Legendre polynomials, retaining only the first two terms. (In the presence
of magnetic fields an expansion in spherical harmonics is made.) The
transport coefficients and rate constants are then determined for a given
gas mixture as a function of E/N, the ratio of electric field strength to
neutral particle density. The plasma kinetics is modeled by using electron
collision rate constants together with neutral and heavy ion rate constants
in a set of coupled continuity equations covering all the species of interest
in the plasma. Significant excited state populations must be coupled back
into the electron kinetics model, self-consistently. Neutral chemistry is

treated in the same way.

Repetitive switches using gas as the dielectric medium will require
flow to remove heat and unwanted chemical by-products from the electrode
region. The determination of density, velocity, and temperature in the
switch is derived from a solution of the gas dynamic equations with an
ohmic heating term. The contribution of charged species to continuity or
momentum balance will be negligible in a diffuse glow. The boundary
layers can be treated separately using appropriate boundary layer theories.
They could serfously impact the efficiency and stability of the switch if
significant density variations exist. The plasma sheaths at the anode and
cathode are also areas of concern due to enhanced fields and subsequent gas
heating in these regions. Electron kinetics in the sheath must be treated

differently from that in the positive column because of steep field and

7 — o



density gradients. Surface properties are important in determining gross

sheath characteristics and stability.

The types of instabilities which must be considered in determining
the maximum rate of rise of recovery voltage are space charge, ionization-
attachment and thermal. Space charge instabilities include corona emission
from sharp surface protrusions and localized streamer formation. They are
characterized by space charge-enhanced fields and very fast propagation
times. Ionization-attachment instabilities consist of coupled fluctuations
in the plasma density and electric field which grow exponentially with time.
Both of these types of instability can develop into a thermal instability,
which results in an arc. However, a thermal instability can also occur
directly, due to nonuniform conditions on the electrodes or in the gas
flow. The study of instabilities is essential in determining the useful

operating regime for a diffuse-glow switch.

Computer codes and theories exist to cover all the situations men-
tioned above. However, most of them are not in a form which is suitable
for the general user. Many have been developed to model specific phenomena
or devices and may employ approximations which are not universally appli-
cable. Nevertheless, these codes can be modified and used to design a
workable switch within a 1imited parameter range, if the incentive exists.
The most serious impediment to this end lies in obtaining basic data on
gases of interest for use in the models. This data can be obtained experi-
mentally if the gases are first identified. On2 of the conclusions of this
meeting was to use a general interactive model of a switch in ¢ given !
application to obtain information about the desirable properties of the

working gas. This would facilitate the work of experimentalists trying to

identify useful candidates.
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The types of problems which require further work are listed in
Table 2. Most importantly, any model of the electrical characteristics
of a diffuse-glow opening switch must incorporate the driving circuit
as well as the load. The response of the plasma during switch opening
is strongly dependent on the configuration of the external cfrcuit. A
study needs to be made of the transient sheath development and its ex-
tinction. It may be necessary to look at the time-dependence of the
electron energy distribution in a changing electric field, particularly
in the high energy tail which responds more slowly than the rest. As
stated previously, all forms of instability should be examined further
in order to identify a practical operating regime. Finally, a general,
interactive model should be formulated to identify scaling relationships
and to link specific engineering requirements to basic data in a trans-

parent manner.




230
Bibliography
C. M. Bowden, J. F. Perkins, and R. A. Shatas, ‘'‘Range and Energy Deposition

Enhancement of a Fast Electron Beam by External Electric Fields,"
J. Vac. Sci. Technol. 10, 1000 (1973)

R. T. Brown and W. L. Nighan, ''Stability Enhancement in Electro-Beam-
Sustained Excimer Laser Discharges,'' Appl. Phys. Lett. 35, 142 (1979)

A. J. Davies, C. J. Evans and F. Llewellyn Jones, ''Electrical Breakdown of
Gases: The Spatio-temporal Growth of lonization in Fields Distorted
by Space Charge," Proc. Roy. Soc. A 281, 164 (1964)

D. H. Douglas-Hamilton and P. S. Rostler, "Investigation of the Production
of High Density Uniform Plasmas,'" Tech. Rep. AFWAL-TR-80-2087

; (October 1980)

- J. W, Dzimianski and L. E. Kline, '"High Voltage Switch Using Externally
& lonized Plasmas,'" Tech. Rep. AFWAL-TR-80-2041 (April 1980)

L. Friedland, ''Novel Computer Simulation of Electron Swarm Motion,' Phys.. :
Fluids 20, 1461 (1977) i

D. B. Henderson, '"Electron Transport in Gas Discharge Lasers,' J. Appl.
Phys. 44, 5513 (1973)

. J. H. Jacob, "Diffusion of Fast Electrons in the Presence of a Magnetic
: Field," Appl. Phys. Lett. 31, 252 (1977)

| L. €. Kline and J. G. Siambis, ""Computer Simulation of Electrical Breakdown *
' In Gases; Avalanche and Streamer Formation,' Phys. Rev. A 5, 794 (1972)

E W. H. Long, Jr., '"Discharge Stability in E-Beam-Sustained Rare-Gas Halide
- Lasers," J. Appl. Phys. 50, 168 (1979)

- W. H. Long, Jr., '""Plasma Sheath Processes,' Tech. Rep. AFAPL-TR-79-2038
(April 1979)

C. B. ?illsi ""Current Continuity in Dense Plasma,'" J. Appl. Phys. 45, 2112
197h

W. L. Morgan, R. D. Franklin and R. A. Haas, ""€lectron Energy Distribution
in Photolytically Pumped Lasers,' Appl. Phys. Lett. 38, 1 (1981)

W. L. Nighan, "Investigation of the Stability of lonized Molecular Gas 3
Flows,'" ONR Report R76-921325-6 (September 1976)

C. G. Parazzoli, "Turbulent Boundary Layer over the Cathode of a High
Current Density Discharge: Numerical Calculation and Experimental
Results,'' A1AA 15th Aerospace Science Meeting, Los Angeles, Calif.
(24 January 1977) D

o L. C. Pitchford and A. V. Phelps, '"Comparative Calcuiations of Electron-
Swarm Properties in N, at Moderate E/N Values,' Phys. Rev. A (1981)




c.

231

Shimozuma, Y. Sakai, H. Tagashira, and S. Sakamoto, ''Prebreakdown

Current Growth and the lonization Coefficients in Hydrogen,'
J. Phys. D: Appl. Phys. 10. 1671 (1977)

Smith, "Computed Secondary-Electron and Electric Field Distribu~
tions in an Electron-Beam~Controlled Gas-Discharge Laser,"
Appl. Phys. Lett. 21, 352 (1972)

Theophanis, J. H. Jacob, and S. J. Sackett, '"Discharge Spatial
Nonuniformity in E-Beam=Sustainer coz Lasers," J. Appl. Phys. 46,
2329 (1975)

Wiggins and D. N. Mansell, '"'Chemical Laser Computer Code Survey,'
NRL Report 8450 (December 1980)

¢
14
3
3
B

e o

YT P CT, SR




i . e e e - T4 T S BN AN M > i i e 23t o vy —
2 - e e g

ol

e
()
-

-
ITI<
o ] o e T ][] o

Erbo b= ;

E‘u : e-beam energy A : discharge cross-section
Veb: e-beam voltage € : energy demsity
Jeb: e~beam current density P : power density
At : conduction time Ic: current
L closing time Jc: current density
T, ¢ opening time S : source function
P pressure ne: electron density
Eo : open fleld Vel drift velocity
| : EC : closed field k,: attachment rate coefficient )18
3 ! { Vo : open voltage o ¢ recombination coefficient
0 d electrode separation n: efficiency
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STEADY-STATE TIME-DEP.

SPACE DIMENSIONS 01123 1|2
| ELECTRON KINETICS X | X
PLASMA KINETICS X | X | X X | X
SHEATHS X X
EXCITED STATES X1 X[ X X { X
NEUTRAL CHEMISTRY X X | X
PHOTON PROCESSES X| X | X
GAS DYNAMICS | X | X | X X | X
BOUNDARY LAYERS X | X
MAGNETIC FIELDS X| X | X
STABILITY X| X | X X | X
EXTERNAL CIRCUIT X
. !

Table 1

(R EIW SR

it v e e m i A m it L e m

b 2 o T T T




PR P o i i b e i i e S
e s i 1| B AN DL T it ol AR PRSP Sms— -

234

RECOMMENDATIONS

® FORMULATE SCALING RELATIONSHIPS

® COUPLE CIRCUIT TO SIMPLE MODELS

-t ® DETERMINE SYSTEMATICS FOR TIEING ENGINEERING
| REQUIREMENTS TO BASIC DATA

@ ONE-DIMENSIONAL ANALYSIS OF SHEATH DURING i
OPENING PHASE

| © TIME-DEPENDENT ELECTRON KINETICS
, (RELAXATION OF HIGH ENERGY TAIL)

® INCORPORATE GASDYNAMICS

@ STABILITY ANALYSIS ]
(PUSH BACK ARCING LIMIT) |

@ MODELS SHOULD BE DYNAMIC
(1.e. INTERACTIVE)

Table 2
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APPENDIX A
GASES FOR POSSIBLE USE IN:DIFFUSE~DISCHARGE SWITCHES*
L. G. Christophorou,* S. R. Hunter, J. G. Carter, and S. M. Spyrou
Atomic, Molecular and High Voltage Physics Group
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830
It has been pointed out recently (e.g., see Refs. 1 and 2) that in
pulsed-power applications, energy storage using inductive elements could

be advantageous because of the high intrinsic energy density; about 102

to 103 times that for capacitive systems. It appearsl'3 that the main

technological problem in inductive storage systems for pulsed-power
applicstiops is the need for an opening switch--capable of repetitive
operation——to.transfer the energy from the storage loop to the load (see
Fig. 1). In this paper we wish to suggest gas mixtures for possible use

in externally sustained (e-beam) diffuse-discharge switches.

The basic requirements of a gaseous medium for use in a diffuse-
discharge switch can be understood by referring to the inductive-energy

discharge circuit in Fig. 1 (Ref. 3). In the first (conducting) stage,

the switch S; is open, and the switch S; is conducting by means of a i
diffuse discharge which is sustained by either an external pulsed electron
or laser beam.? 1In this stage, the gas number density N (or total

pressure P) and the electric field E applied across the electrodes of §;

*Research sponsored by the Division of Electric Energy Systems,
U.S. Department of Energy, under comtract W-7405-eng-26 with the Union
Carbide Corporation.

TAlso Department of Physics, The University of Tennessee, Knoxville,
‘ilennessee 37916.

. By ssceptance of this srticle, the
‘f publisher or recipient tecge
' the U.8. Government’s right to

L retain @ nonexclusive, royaity-free
1 liconse in snd to any copyright
¥ cavering the article.
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must be such that for the resulting:low value of E/N (*3 x 10717 v cm™2),
the electron drift velocity, w, (ana thus, conduction) is maximum and

the electron attachment rate constant, ka' is minimum (electron production
must be maximized and electron loss minimized). In the second (opening)
stage at time t = 0 the external (electron or laser beam) ionizatiom
source is terminated, the switch S; is opened, and the switch S; 1is
closed-—to allow the stored emergy in the inductor Ls to be transferred

to the load Z,. It 1is known,?s3 however, that in an inductive system
where one attempts to rapidly open a conducting switch, a very large

voltage is induced across the switch due to the term V., = L'g% (L is the

i
inductance of L8 in Fig. 1, and 1 is the current). The induced voltage
increases the E/N value (to ~120 x 10~}7 V cm™2) and tends to maintain a
conducting arc between the electrodes of switch S; and to quote Kristiansen
et al.,2>3 "How to interrupt the conduction process against a high

driving voltage is the essence of the opening switch."” The gas, which

in the conducting stage was such as to optimize conduction, must now

serve as a high voltage insulant in order to sustain the high driving
voltage and prevent breakdown.

A basic difference between the conducting and the opening stages of
the switch (at least in the e-beam-~sustained discharge) is the effective
value of E/N (or E/P). In the conducting stage E/N is low, while in the
opening stage E/N is very high. This is most significant and remains a
key variable in efforts to tailor gases for the optimum performance of
S1 in both stages.

In Fig. 2 we show schematically the desirable characteristics of
the gas in terms of w(E/N) and the attachment rate constant k‘(E/N).

The drift velocity w must be maximum at the E/N values (indicated by
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the shaded region in Fig. 2) characteristic of the conduction stage, and 1
k, must be as small as possible in this E/N range. In the opening stage
(Fig. 2) w must be as small as possible and ka as high as possible at

the E/N values (indicated by the shaded region in Fig. 2) characteristic

of this stage.

Fast gases having the general characteristics of w(E/N) shown in
Fig. 2 have been reported by us* (e.g., Ar + CF, mixtures) which are
free of electron attacheent at low E/N. Promising mixtures that are
comprised of Ar and CF, are shown in Fig. 3. The mixture composition
and E/N can be chosen such as to maximize w in the conducting stage. It
is also seen that at high E/N, the w of such mixtures falls off considerably,*
a property desirable in the opening stage of the switch (see Fig. 2).

To become effective for the opening stage of the switch, such gases
must have a high dielectric strength. To achieve this, the mizture must
effectively remove electrons by electron attachment forming negative
ions.5»6 Since in the opening stage of the switch E/N is very high, the
gas must be capable of removing electrons with energies well in excess
of thermal energy. It thus seems that a fast gas mixture (i.e., one
with high w) such as Ar + CF; must be mixed with a third gas which does
not attach thermal and near-thermal energy electrons but which attaches

electrons at higher energies (say, from 0.5 to 2 eV).T Candidates for

*In this regard such measurements must be extended to higher E/N
values.

TI: is well known5:7 that electron attachment processes at energies
£15 eV are resonant processes and that their cross sections decrease
rapidly as the resonance energy increases. When the positions of such
resonances are located at energies 24 eV or so, it is doubtful that the
magnitude of the attachment cross sections are sufficiently large to
effectively reduce the number density of electrons and thus affect the
value of the breakdown voltage. We argued earlier5:6:8 that enhanced
scattering cross sections shifting the electron energies to lower energies
where electron attachment is strong can be more beneficial in increasing -
the breakdown strength. .\E




JERSPUUEE P

such electron attaching gases to mix with the fast mixtures of Ar + CF,

are shown in Fig. 4.

Special attention is drawn to the gas (CF3)2S which is seen (Fig. 4)
to capture electrons rather strongly above thermal energies and which
itself is an excellent gas dielectric having a DC uniform field breakdown
strengtﬁ 1.5 times that of SFg (Ref. 10). A mass spectrometric study of
(CF3),S has shown (Fig. 5) that the dominant anion is CF3S~ whose yield
peaks at +0.65 eV, a finding consistent with the ka vs (& ) data in
Fig. 4. A weak F~ ion is also produced at higher enmergies (Fig. 5).

The electron affinity of CF3S° is 1.8 ev}! wﬁich would render electron
detachment difficult.

it should be noted that the use of (CF3)§S may be advantageous in
the conducting stage of the switch as well. Thé ionization potential of
Ar is 15.76 eV!2 and that of CF, <14.7 eV,!3 while the ionization poteatial
of (CF3)zslis only ~11.15 eV.}* Thus, an increase in electron production
in the conducting stage (when the external source is an e~beam) may
result due to the Penning ionization process

Ar* (and CF,*?) + (CF3)2S =+ Ar (CF,) + (CF3),s* + e. (1)
Process (1) is not likely to affect the insulating property of the
mixture in the opening stage in view of the work of Christophorou et
al.% which has shown that—at least for uniform fields-——the breakdown
voltage is mostly affected by the electron attaching rather than by the
ionization properties of the gas. It should be noted also that CFy
itself attaches electrons at higher energies (see Fig. 5 in Ref. 15)
than does (CF3)2S and may thus act synergistically with (CF3)2S as an
electron attacher in the opening stage of the switch. The vapor pressure

of (CF3)2S at ~20°C is 4.4 atm.
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It follows from the above discussion that ternary mixtures comprised

of Ar + CF, and (CF3)2S (or other electron attaching additive with the i
appropriate properties, Figs. 2 and 4) are good candidates for diffuse~
discharge switches. It is, however, preferable to have a binary rather
than a ternary mixture and to ideatify, for example, a gas which would
serve the role of both CF, and (CF3)3S when mixed with Ar. In search

for such a gas we focused on C3Fg. The attachment rate constant k‘ as a

dig aa o

function of (€ ? for C3Fg 1is shown in Fig. 4. Although the kh for C3Fg
is lower in magnitude than that for (CF3)2S, it has a very desirable
(€ ) ~dependence (i.e., it is very small at low (€ ) and large at high

{e£)). Mass spectrometric studies have shown (Fig. 6) that the dominant

anion is F~ with a peak at 2.9 eV. (The electron affinity of the F atom
is 3.45 eV.l7) Other fragment anions (CF;~, CoF3~, CaFs~, C3F7™) with
maximum yields in the range 3.2 to 3.8 eV (see Fig. 6) are produced but
with very much lower probabilities. From our earlier work on fast
gases® 1t seemed that mixtures of C3Fg and Ar would exhibit a similar
behavior in terms of the w vs E/P function as the Ar + CF, mixtures
(Fig. 3) (i.e., provide a large w for specific, low values of E/N and
compositions). Although we have not conducted these latter measurements
as yet, we have made preliminary w(E/N) measurements on Ar + C,;Fg
mixtures. Our preliminary measurements on this system are shown in Fig.
7. The observed large w values and sharply peaked w(E/N) functions in
the E/N range characteristic of the conducting stage of the switch, the
high sensitivity of the w(E/N) functions to the percentage of C;Fg in
Ar, and the decline in w with increasing E/N are all most interesting

and desirable characteristics. Similar measurements on Ar + C3Fg are

planned over wide E/N ranges and mixture compositions. While final
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judgment has to await these measurements, on the basis of the data in
i Figs. 4, 6, and 7, it can be suggested that appropriate binary mixtures

of Ar + C3Fg may possess both of the required characteristics (see

Fig. 2) of a switching gas and are thus suggested as good candidates for

diffuse~discharge switches.*

*The vapor pressure of C3Fg at Vv20°C is 7.8 atm; C3Fg is listed!®
as nontoxic, nonflammable, unreactive, and thermally stable; its DC
uniform field breakdown voltage is 0.9 that of SFg.

FON. T 5.

*
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FIGURE CAPTIONS

Fig. 1. Inductive energy discharge circuit (from Ref. 3).

Fig. 2. Schematic illustration of the desirable characteristics of the
w(E/N) and ka(E/N) functions of the gaseous medium in an externally (e-
beam-sustained) diffuse-discharge switch. Indicated in the figure are

rough estimates of the E/N values for the conducting and the opening

stage of the switch.
Fig. 3. w vs E/Py9g for Ar and Ar/CF, mixtures (from Ref. 4).

Fig. 4. Electrcn attachment rate constant, ka’ as a function of mean
electron energy, (e ), for (CF3),S and C3Fg (present work) and
1,2-C,C15F,, 1,1,2-C;C13H3, and 1,1-C2C1;Hy, (from Ref. 9). The relative
breakdown strengths VsR shown in the figure are from Ref. 6 except those

for (CF3)2S, which are from Ref. 10.

Fig. 5. Energy dependence of the yield of the negative ions produced by

electron impact on (CF3)3S.

Fig. 6. Negative ion intensity as a function of electron impact energy

for C3Fg. Note the multiplication factors (Ref. 16).

Fig. 7. w vs E/N for Ar/C;Fg mixtures.
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Fig. 1. Inductive energy discharge circuit (from Ref. 3).
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and 1,1-C3C1,H, (from Ref. 9). The relative breskdown strengths Vg shown in the
figure are from Ref. 6 except those for (CF3),S which gre from Ref. 10.




_ . *54(%40)
uo 3dudwmy 0132010 Aq poonpoad suoy 9AJIvEou 8Y3 Jo proTk M3 Jo aduapuadap AFaany ¢ W)y

93 A9H3NT NOYLO3N3
2 9 o b . € 2 | 0 -

u 2
2
m
. 2
m
o 5
2 z
. - —19 =
-
m
<
«
- e 3
: g
1 =4
- /s 103
(301HdINS TAHLIWOHONTIANYLSIA) E49~5-€49
L | | 1 i | | | 1




WS A M T B V! SN A S RNy -
= -

» \
1 250 3
1
ORNL-OWG 81-9816 }
14 T [ l I | l 1. }
‘ C3 Fg (n-PERFLUOROPROPANE) ]
£ ,J
' F-C-C-C—F o F~ (x1) m
€ F F F e C,F3 (x500)
z a CF3 (x15)
s o CyF; (x500)
b 8 - -
=
(7]
4
| - 6 [~ -
! 2
i (]
z
! 8 4 e —
W
2 4
| <
' S 2 —
u ]
<
o b ey | | S W

0 1 2 3 4 S 6 7 :
ELECTRON ENERGY (eV) '

Fig. 6. Negative ion intensity as a function of electron impact energy
for C3Fg. Note the multiplication factors (Ref. 16).

1 z
i
1B :




iq - 251

‘ | ' 1 ' I i
6l —
Cst in Ar
- 02%CF -
- o 1% »
' <° Sf— ] AQ2% + - 1
; 3 BIOO% Ar
| 5 N
| >
3 '.: 4 o—
f S
i | =
| w
| 3
—
L -
(8.t
#; o
3 2 1
Z
o -
o
—
i S 1
| L
‘. )
- ./'"/-"-' S e e e e B
o | l ! 1 | |
o | 2 3
E/N(i0"7 v-cm?)

Fig. 7. w vs E/N for Ar/C,Fg mixtures.




D

252 hS
APPENDIX B :

Summary of Meeting On
"Diffuse Discharge Opening Switches" 3

at Texas Tech University onm Sept. 23-24, 1981
.K. Schoenbach and M. Kristiansen

A meeting on "Basic Processes in Diffuse Discharge Opening Switches"

was held in Lubbock on September 23-24, 1981. It brought together 20
atomic and plasma physicists and electrical engineers. The goal of the
meeting, set up especially to discuss the opening switch concepts developed
at Texas Tech, was:

a) to identify the limitations of diffuse discharge switch concepts

b) to identify the unresolved problems

é) to identify research areas that must be supported to resolve the

problems
d) to identify where the needed research expertise resides

e) to establish cooperative, coordinated research efforts.

The meeting was opened with a brief review on the state-of-the-art
of repetitive opening switches: with special emphasis on concepts developed
at Texas Tech. Discussion sessions on "Production of High Pressure
Diffuse Discharges", "Optical Control of Diffuse Discharges", "Basic Data"
and "Diffuse Discharge Modeling" followed. The results of the discussions
were summarized in a final session:

1. Limitations on current density and time of conduction in atmo- ;
spheric pressure diffuse discharges are due to instabilities é
vhich are mainly developing on the electrode surface. To prevent
instabilities or, at least, to delay their onset, the establishment

of a high uniformity of pre-ionization and electric field in the gap

[

and of the controlling e-beam or laser power has to be attenpfad. {

With resnect to the applicationas rep-rated switches, where excessive
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heating of the gas must be avoided, gas exchange systems have to
be considered.

The conditions for gas mixtures, usable in attachment dominated
diffuse disc£atge switches are:

a) High mobility at low E/N

b) Low attachment rate at low E/N

¢) High attachment rate at high E/N

d) High dielectric strength

Whereas agreement on these general features existed, the opinion
about the "best" gases differed. As appropriate attachers for open-
ing switches NoO, uzo, 12, some halogenated hydro-carbons, and HCl1 in
buffer gases like Nz, Cﬂk,and noble gases were considered. Basic
data for commonly used gases (Nz, noble gases) are fairly complete,

whereas they are limited for the other gases. Predictions about the

behavior of gas mixtures containing ions, radicals, and excited mole- ’

cules, however, (a-research object of nlasma chemistry) dre rather vague
for most opening switch gas mixtures, It is therefore important to

increase the appropriate plasma chemical investigations.

An effort which should also be increased is modeling of diffuse dis-
charges in diverter circuits. Rate equation codes and Boltzmann
equation codes are available or under development. A major obstacle
for using the codes in opening switch calculations is the lack of

data for appropriate gases. Experiment-theory comparisons could

f11ll gaps in the data base.

Generally, the importance of experiments for both e-beam and
optically controlled diffuse discharges was emphasized together

with development of fast diagnostic techniques. Special atten-
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tion should be payed to experimental investigations of laser

induced effects (opto-galvanic effects).

To proceed in the field of diffuse discharge opening switches

further interaction of the three communities present at this meeting

(scientists, engineers, "appliers”) was highly recommended.

M.A. Biondi
P. Chantry

L.G. Christophorou
D.H. Douglas-Hamilton

A. Garscadden
A.H. Guenther
B.D. Guenther
A.K. Byder

B. Junker
L.E. Kline
J.E. Lawler.
W.H. Long, Jr.
J.T. Mosely
A.V. Phelps
L. Pitchford
M.F. Rose

G. Schneider

M. Kristiansen
E.E. Kunhardt
G. Schaefer

K. Schoenbach

Attendees at Meeting in Lubbock
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Oak Ridge National Laboratory
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Air Force Weapons Laboratory
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University of Wiscomsin
Northrop Research and Technology Center
University of Oregon
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